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ABSTRACT
The  a im  o f  t h i s  w o r k  w as  t o  c o n t r i b u t e  t o  t h e  u n d e r s t a n d i n g  
o f  c r y o b i o l o g i c a l  f a c t o r s  c o n t r o l l i n g  t h e  s u r v i v a l  o f  
r a p i d l y  f r o z e n  D ay -3  m o u s e ,  D a y - 7 c a t t l e  an d  D a y -6  s h e e p  
e m b r y o s .  To p r o t e c t  a g a i n s t  i n t r a c e l l u l a r  i c e  f o r m a t i o n  
d u r i n g  r a p i d  f r e e z i n g  t h e  e m b r y o s  w e r e  d e h y d r a t e d  b y  t h e  
i n c l u s i o n  o f  s u c r o s e  i n t o  t h e  f r e e z i n g  m e d iu m .  A f t e r  
t h a w i n g  t h e  c r y o p r o t e c t a n t  w as  r e m o v e d  b y  i n - s t r a w  d i l u t i o n .
I n  e x p e r i m e n t s  o n  s u c r o s e  d i l u t i o n  o f  g l y c e r o l  f r o m  m ouse  
e m b r y o s  i t  was  f o u n d  t h a t  t h e  t o x i c  e f f e c t s  o f  s u c r o s e  
i n c r e a s e d  a t  h i g h e r  t e m p e r a t u r e s .  The  p o s t - t h a w  s u r v i v a l  i n  
v i t r o  w a s  o p t i m a l  w h e n  t h e  f r e e z i n g  m ed ium  a n d  t h e  s u c r o s e  
d i l u e n t  w e r e  m i x e d  a f t e r  t h a w i n g  a n d  t h e  s u c r o s e  d i l u t i o n  
w as  c a r r i e d  o u t  a t  2 0 ° C .
I n  t h e  n e x t  s e r i e s  o f  e x p e r i m e n t s  t h e  t i m e  r e q u i r e m e n t s  
f o r  p e r m e a t i o n  b y  g l y c e r o l  a n d  f o r  d e h y d r a t i o n  b y  s u c r o s e  
b e f o r e  r a p i d  f r e e z i n g  o f  m o u s e  e m b r y o s  w e r e  s t u d i e d .  A t  4°C 
a n d  2 0 °C t h e  p o s t - t h a w  v i a b i l i t y  i m p r o v e d  w i t h  i n c r e a s i n g  t h e  
d u r a t i o n  o f  e q u i l i b r a t i o n  i n  g l y c e r o l - s u c r o s e  u p  t o  20 a n d  
2 . 5  m i n  r e s p e c t i v e l y .  D e h y d r a t i o n  by  s u c r o s e  b e f o r e  
f r e e z i n g  r e q u i r e d  l e s s  t h a n  1 m in  a t  2 0 ° C .  I t  was 
d e m o n s t r a t e d  t h a t  i n c r e a s e s  i n  t h e  i n t r a c e l l u l a r  g l y c e r o l  
l e v e l  a r e  b e n e f i c i a l  f o r  p o s t - t h a w  s u r v i v a l ,  b u t  f u l l  
e q u i l i b r a t i o n  i s  n o t  r e q u i r e d .
The  e f f e c t s  o f  t h e  c o m p o s i t i o n  o f  t h e  f r e e z i n g  m edium  a n d  
t h e  m e t h o d  o f  e q u i l i b r a t i o n  w e r e  i n v e s t i g a t e d  i n  t h e  n e x t
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s e r i e s  o f  e x p e r i m e n t s .  Under o p t i m a l  c o n d i t i o n s  90-957, o f  
r a p i d l y  f r o z e n  mouse embryos d e v e lo p e d  to  b l a s t o c y s t  s t a g e  
i n  v i t r o  and 30% i n t o  l i v e  young i n  v i v o .  The r e s u l t s  o f  t h e  
f r e e z i n g  e x p e r i m e n t s  and t h e  o s m o t i c  b e h a v i o u r  o f  mouse 
embryos i n  s u c r o s e  and i n  g l y c e r o l - s u c r o s e  s u g g e s t e d  t h a t  
t h e  c r y o p r o t e c t i v e  e f f e c t  o f  g l y c e r o l  d u r i n g  r a p i d  f r e e z i n g  
i s  due to  i t s  a b i l i t y  t o  r e d u c e  o s m o t ic  p r e s s u r e  d i f f e r e n c e s  
b e tw e e n  t h e  e x t r a  and i n t r a c e l l u l a r  s p a c e s .
Osmotic  e x p e r i m e n t s  showed t h a t  c a t t l e  and sheep  embryos 
a r e  more p e rm e a b le  to  e t h y l e n e  g l y c o l  t h a n  to  g l y c e r o l .  This  
s u g g e s t s  t h a t  t h e  u s e  o f  e t h y l e n e  g l y c o l  may be  p r e f e r a b l e  
t o  g l y c e r o l  f o r  c r y o p r e s e r v a t i o n  b e c a u s e  t h e  embryos a r e  
l e s s  l i k e l y  to  s u f f e r  o s m o t i c  damage d u r i n g  t h e  r em o v a l  o f  
t h e  c r y o p r o t e c t a n t . The p r o p o r t i o n  o f  u n f r o z e n  sh e ep  embryos 
v i a b l e  i n  v i t r o  was 4 /1 3  when t h e  s u c r o s e  d i l u t i o n  was 
c a r r i e d  o u t  a t  20°C and 2 7 /3 8  when i t  was done a t  35°C .  A 
t o t a l  o f  28 c a t t l e  and 21 sh eep  embryos w ere  f r o z e n  r a p i d l y  
i n  m i x t u r e s  o f  p e r m e a t i n g  and n o n - p e r m e a t i n g  
c r y o p r o t e c t a n t s ,  b u t  none  o f  them was v i a b l e  i n  s u b s e q u e n t  
i n  v i t r o  c u l t u r e .  T hese  e x p e r i m e n t s  i n d i c a t e  t h a t  t h e  
r e q u i r e m e n t s  f o r  s u c r o s e  d i l u t i o n  and f o r  r a p i d  f r e e z i n g  o f  
c a t t l e  and sh e ep  embryos a r e  d i f f e r e n t  from t h o s e  f o r  mouse 
e m b r y o s .
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INTRODUCTION
The recognition of the cryoprotective role of glycerol 
(Polge, Smith & Parkes, 1949) made possible the successful 
freezing of mammalian spermatozoa. Attempts to freeze 
mammalian ova and embryos started soon after-wards (Smith, 
1952; 1 953), but were unsuccessful. Whittingham (1971) 
reported a method for freezing mouse embryos; although 
subsequent work failed to confirm the success of 
Whittingham's technique, this report stimulated further 
research. The biophysical principles of the cellular
response to freezing and thawing were first applied to the 
cryopreservation of embryos by Whittingham, Leibo & Mazur 
(1972) and Wilmut (1972a). Their findings were confirmed by 
many authors and generated extensive research in this field. 
As a result of research on embryo freezing the development 
of frozen-thawed embryos into live young has been reported 
in 11 species including humans (Table 1.1); this list is 
likely to grow in the future.
Table 1.1 List of species in which development of frozen- 
thawed embryos into live offspring has been reported
Species First report
Mouse Whittingham et al. (1972)
Cattle Wilmut Sc Rowson (19 73)
Rabbit Bank & Maurer (1974) 
Whittingham Sc Adams (1974)
Rat Whittingham (197 5)
Sheep Willadsen et al. (1976a,b)
Goat Bilton Sc Moore (197 6)
Horse Yamamoto et al. (1982)
Antelope Kramer et al. (19 83)
Human Trounson Sc Mohr (1983)
Baboon Pope et al. (1984)
Marmoset monkey Hearn Sc Summers (1986)
Embryo freezing is unique and superior to all other 
cryobiological procedures in the sense that it leads to the 
development of whole individuals. It offers tremendous 
advantages for research, commercial and medical applications. 
For research purposes infrequently used genotypes can be 
stored at low cost in the form of frozen embryos thus 
obviating the need to use expensive laboratory facilities 
for their breeding. Embryo freezing, by providing 
genetically stable controls, offers an unparalelled
opportunity to measure genetic change due to drift or 
resulting from deliberate breeding programmes.
The advantages of cryopreservation in the commercial 
application of embryo transfer are obvious particularly in 
cattle embryo transfer programmes. Without procedures for 
long term in vitro storage the unpredictable nature of the 
number of transferable embryos would lead to the inevitable 
waste of excess embryos or would require much larger herds 
for the supply of synchronous recipients. Embryo freezing 
offers an economical solution to the above problem since any 
number of excess embryos can be frozen and used when 
synchronous recipients become available. In addition to 
this, considerable commercial interests are attached also to 
the storage of embryos from selected donors until a progeny 
test is available or market conditions change favourably.
Some advantages offered by embryo freezing are of both 
scientific and commercial importance. Examples of this 
include the protection of valuable strains against losses by
4d i s e a s e ,  a c c i d e n t  o r  g e n e t i c  d r i f t ,  t h e  p r o t e c t i o n  o f  
a n c i e n t  b r e e d s  from e x t i n c t i o n  and t h e  i n t e r n a t i o n a l  
t r a n s p o r t  o f  f r o z e n  embryos ( W i i t t i n g h a m  & W h i t t e n ,  1974; 
B i l t o n  & Moore, 1977; W i l l a d s e n  & T i s c h n e r ,  1978, 19 7 9 ) .
The i n t r o d u c t i o n  o f  new g e n o ty p e s  t h r o u g h  t h e  t r a n s p o r t  o f  
f r o z e n  embryos i s  much c h e a p e r  and s i m p l e r  t h a n  t h e  
t r a n s p o r t  o f  l i v e  a n im a l s  and h a s  t h e  a d d i t i o n a l  a d v a n ta g e  
t h a t  t h e  a n im a l s  a r e  e x p o sed  to  t h e  p a th o g e n s  and c l i m a t e  o f  
t h e  a r e a  e a r l y  i n  l i f e  and t h e r e f o r e  h a v e  t h e  c h an c e  to  
d e v e lo p  immunity  t o  l o c a l  d i s e a s e s  and t o  b e  a c c l i m a t i z e d .  
C r y o p r e s e r v a t i o n  c a n  a l s o  f a c i l i t a t e  t h e  p r o d u c t i o n  o f  
d i s e a s e  f r e e  p ro g en y  from i n f e c t e d  p a r e n t s  by embryo 
t r a n s f e r  (Chemineau e t  a l . , 1 9 8 6 ) .  D i s a d v a n t a g e s  a r e  t h a t
t h e  t e c h n i q u e  r e q u i r e s  p e r s o n n e l  w i t h  s p e c i a l  s k i l l s  and t h e  
p ro g en y  from t h e  t r a n s f e r r e d  embryos r e a c h e s  b r e e d i n g  o r  
p r o d u c t i o n  ag e  l a t e r  compared t o  t r a n s p o r t e d  l i v e  a n i m a l s .
F r e e z i n g  o f  human embryos (T rounson  & Mohr, 1983) and 
o o c y t e s  (Chen, 1986) f o r  l a t e r  t r a n s f e r  i n c r e a s e s  t h e  
c h a n c e s  o f  e s t a b l i s h i n g  p reg n a n cy  a f t e r  a s i n g l e  c o l l e c t i o n  
o f  o o c y t e s  i n  women who t a k e  p a r t  i n  i n  v i t r o  f e r t i l i z a t i o n  
p r o g r a m s .
The p u r p o s e  o f  t h i s  t h e s i s  was to  s t u d y  t h e  f a c t o r s
a f f e c t i n g  t h e  s u r v i v a l  o f  embryos f r o z e n  r a p i d l y  i n  th e  
p r e s e n c e  o f  p e r m e a t i n g  and n o n - p e r m e a t i n g  c r y o p r o t e c t a n t s . 
E x p e r im e n t s  were  f i r s t  c a r r i e d  o u t  to  d e t e r m i n e  t h e  o p t i m a l  
c o n d i t i o n s  f o r  i n - s t r a w  c r y o p r o t e c t a n t  r em o v a l  from r a p i d l y  
f r o z e n  mouse em bryos .  F u r t h e r  work on t h e  e f f e c t s  o f
5e q u i l i b r a t i o n  and t h e  c o m p o s i t i o n  o f  f r e e z i n g  medium 
r e s u l t e d  i n  a p r o c e d u r e  w hich  p r o v i d e d  h i g h  s u r v i v a l  i n  
v i t r o  and i n  v i v o  f o r  r a p i d l y  f r o z e n  mouse em bryos .  The 
r e s u l t s  a l s o  had t h e o r e t i c a l  i m p l i c a t i o n s  on t h e  mechanism 
o f  c r y o p r o t e c t i o n  by g l y c e r o l .  Osmotic  e x p e r i m e n t s  showed 
t h a t  c a t t l e  and sh eep  embryos a r e  more p e rm e a b le  to  e t h y l e n e  
g l y c o l  t h a n  t o  g l y c e r o l  s u g g e s t i n g  t h a t  t h e  u s e  o f  t h e  
f o r m e r  may b e  p r e f e r a b l e  f o r  c r y o p r e s e r v a t i o n .  E x p e r i m e n t s  
on t h e  r a p i d  f r e e z i n g  o f  c a t t l e  and sh e ep  embryos h a v e  b e en  
u n s u c c e s s f u l .  T h is  s u g g e s t s  t h a t  t h e  r e q u i r e m e n t s  f o r  r a p i d  
f r e e z i n g  i n  t h e s e  s p e c i e s  a r e  d i f f e r e n t  from t h o s e  i n  t h e  
mou s e .
6CHAPTER 1 : REVIEW OF LITERATURE ON THE BASIC AND APPLIED
ASPECTS OF EMBRYO FREEZING
Despite considerable variation amongst different techniques 
for embryo freezing, there are common features in all 
published methods. These are the following:
- suspension and equilibration in molar solutions of 
cryoprotectants;
- dehydration by controlled freezing rates or by the 
inclusion of a non-permeating solute into the freezing 
medium;
- transfer and storage of dehydrated embryos in liquid 
nitrogen;
- rapid thawing unless slow rate freezing was terminated at 
or below -60°C in which case slow thawing is required;
- the cryoprotectant is usually removed from the frozen- 
thawed embryos before transfer or culture.
The aim of Chapter 1 is to explain the significance of
the above steps.
71 . 1 .  Osmotic  r e s p o n s e  o f  embryos to  h y p e r t o n i c  s o l u t i o n s
D ur ing  f r e e z i n g  t h e  c e l l s  a r e  exposed  to  h i g h l y  
c o n c e n t r a t e d  s o l u t i o n s .  To m in im iz e  t h e  c h an c es  o f  c e l l u l a r  
damage cau se d  by t h e s e  h i g h l y  c o n c e n t r a t e d  s o l u t i o n s  and by 
i n t r a c e l l u l a r  i c e  f o r m a t i o n  t h e  embryos must  be  p e rm ea ted  
by c r y o p r o t e c t a n t  and p a r t i a l l y  d e h y d r a t e d .  These  
r e q u i r e m e n t s  a r e  a c h i e v e d  by a l l o w i n g  t h e  embryos to  r e s p o n d  
t o  h y p e r t o n i c  s o l u t i o n s  o f  p e r m e a t i n g  and n o n - p e r m e a t i n g  
s o l u t e s .  Le ibo  (1986) e s t i m a t e d  t h a t  a b o u t  80-85% o f  t h e  
volume o f  ova and embryos i s  s o l v e n t  w a t e r  w hich  t h e  c e l l s  
can  l o s e  i n  r e s p o n s e  to  h y p e r t o n i c  s o l u t i o n s .  The movement 
o f  t h i s  w a t e r  a c r o s s  t h e  c e l l  membrane i n  r e s p o n s e  to  
o s m o t i c  f o r c e s  d e t e r m i n e s  t h e  s u r v i v a l  o f  f r o z e n - t h a w e d  
embryos and t h e r e f o r e  t h e  r e s p o n s e  o f  embryos to  h y p e r t o n i c  
s o l u t i o n s  i s  f u n d a m e n ta l  to  c r y o b i o l o g y .
1 . 1 . 1 .  A ssu m p t io n s  made i n  o s m o t ic  s t u d i e s  on embryos
S t u d i e s  on t h e  o s m o t i c  b e h a v i o u r  o f  embryos a r e  b a s e d  on 
two a s s u m p t i o n s .  The s h a p e  o f  embryos o r  t h a t  o f  t h e i r  
b l a s t o m e r e s  i s  assumed t o  be  s p h e r i c a l .  D e s p i t e  o b v io u s  
d e v i a t i o n s  from t h e  p e r f e c t  s p h e r i c a l  sh a p e  t h i s  i s  a good 
a p p r o x i m a t i o n  and g i v e s  r e l i a b l e  v o l u m e t r i c  e s i m a t e s .
The second  a s s u m p t io n  r e l a t e s  to  t h e  s p a c i a l  o r g a n i z a t i o n  
o f  em bryon ic  c e l l s .  E a r l y  embryos a r e  c l u s t e r s  o f  c e l l s  and 
t h e r e f o r e  c a l c u l a t i o n s  on t h e i r  o s m o t ic  r e s p o n s e  to
8cryoprotectants and to freezing are based on the assumption 
that the whole embryo and not its individual cells 
constitute an osmotic unit (Mazur, 1976). This means that 
water from the interior of the embryo is transferred to its 
outside surface across the blastomeres and not through the 
space between them. Although tight junctions are formed only 
at the blastocyst stage, it seems unlikely that water 
diffuses through narrow channels between cells. The 
assumption that the whole embryo constitutes a single 
osmotic unit is supported by empirical observations on the 
osmotic response of embryos to hypertonic solutions and to 
freezing. Additional evidence is provided by the fact that 
the optimal freezing rate for 1-cell to blastocyst stage 
mouse embryos is about the same despite dramatic changes in 
the size of individual cells (Whittingham, Leibo & Mazur, 
1972).
1.1.2. Non-permeating solutes 
1.1.2.1. Kinetic response
Cells establish osmotic equilibrium in hypertonic 
solutions of non-permeating solutes by losing water. The 
amount of water lost can be estimated by the shrinkage of 
the cell. The rate of shrinkage (dV/dt) at a given 
temperature is determined by the surface area of the cell 
(A), the osmotic pressure difference between the intra- and
9e x t r a c e l l u l a r  s p a c e  (P^-P ) and t h e  c e l l ' s  h y d r a u l i c  
c o n d u c t i v i t y  ( w a te r  p e r m e a b i l i t y ,  Lp) i n  t h e  form o f  t h e  
f o l l o w i n g  m a t h e m a t i c a l  e q u a t i o n :
dV/dt=LpA(Pi - P e ) ( L e ib o ,  1981)
The h y d r a u l i c  c o n d u c t i v i t y  o f  c e l l s  can  be  m easu red  by 
s e l e c t i n g  t h e  Lp v a l u e  which  r e s u l t s  i n  t h e  b e s t  f i t  be tw een  
t h e  o b s e r v e d  and c a l c u l a t e d  o s m o t ic  r e s p o n s e .  L e ib o  (1980) 
e s t i m a t e d  t h a t  t h e  w a t e r  p e r m e a b i l i t y  c o e f f i c i e n t  o f
f e r t i l i z e d  mouse ova i s  0 .4 3  p n  /  pn  -m in -a tm  a t  20°C. At 
lo w er  t e m p e r a t u r e s  t h e  ova r e q u i r e d  more t im e  to  r e a c h  
o sm o t ic  e q u i l i b r i u m .  The a c t i v a t i o n a l  e n e r g y  o f  t h e  w a t e r  
p e r m e a b i l i t y  c o e f f c i e n t  was 1 3 .0  k c a l / m o l e .  T h ere  was an 
A r r h e n i u s  r e l a t i o n s h i p  b e tw ee n  t h e  w a t e r  p e r m e a b i l i t y  and 
t h e  t e m p e r a t u r e ;  t h e  l o g a r i t h m  o f  Lp d e c r e a s e d  a s  a l i n e a r  
f u n c t i o n  o f  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e  
(1 /K °)  (L e ib o ,  1 9 8 1 ) .
Compared t o  human e r y t h r o c y t e s  ( S i d e l  & Solomon, 1957; 
V i e i r a ,  S h a ' a f i  & Solomon, 1970; F o r s t e r ,  1971) mouse ova 
a r e  l e s s  p e rm e a b le  t o  w a t e r  and t h e i r  Lp h a s  a h i g h e r  
t e m p e r a t u r e  c o e f f i c i e n t .  T h is  means t h a t  t h e  t r a n s f e r  o f  
w a t e r  from ova i s  s l o w e r  and t h e  d i f f e r e n c e  becomes even  
g r e a t e r  a t  lo w e r  t e m p e r a t u r e s .
1 . 1 . 2 . 2 .  E q u i l i b r i u m  r e s p o n s e
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The relation between the osmotic pressure and the 
equilibrium volume of cells was determined by the classical 
experiments of Luck& & McClutcheon (1932) in which they 
studied the osmotic behaviour of sea urchin eggs. The form 
of this relation is
P(V-b)=Po(VQ-b)
where P is the osmotic pressure of a medium in which the 
cellular volume in equilibrium is V; VQ is the volume of the 
cell in an isotonic medium with PQ osmolarity and b is the 
non-solvent volume of the cell which does not participate 
in osmotic swelling and shrinkage. This relation is a 
modification of the Boyle-van't Hoff law (P V = constant). 
The modified Boyle-van't Hoff relation can be written to 
give the volume of the cell:
v=[Po( v b)/p]+b
This form of the equation shows that the equilibrium volume 
of the cell is a linear function of the reciprocal of the 
osmotic pressure (1/P). The slope and intercept of the 
regression line can be calculated from measurements o'f the 
equilibrium volume at different osmotic pressures. Using 
such measurements Leibo (1980, 1986) estimated that the non­
solvent volume of mouse ova and cattle embryos was about 15- 
20%.
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1 . 1 . 3 .  P e r m e a t i n g  s o l u t e s  
1 . 1 . 3 . 1 .  E q u i l i b r a t i o n
Embryos a r e  f r o z e n  i n  m o la r  s o l u t i o n s  o f  p e r m e a t i n g  
c r y o p r o t e c t a n t s . The o s m o t ic  r e s p o n s e  o f  embryos to  g l y c e r o l  
was f i r s t  d e s c r i b e d  by J a c k o w s k i ,  L e ib o  & Mazur ( 1 9 8 0 ) .  In  
h y p e r t o n i c  s o l u t i o n s  o f  p e r m e a t i n g  s o l u t e s  t h e  embryos 
i n i t i a l l y  s h r i n k  and t h e n  g r a d u a l l y  r e - e x p a n d .  The i n i t i a l  
s h r i n k a g e  i s  due to  l o s s  o f  w a t e r  a s  t h e  embryo e s t a b l i s h e s  
o sm o t ic  e q u i l i b r i u m  by d e h y d r a t i o n .  A l th o u g h  c r y o p r o t e c t a n t  
p e r m e a t i o n  s t a r t s  i m m e d ia te ly ,  t h e  o s m o t i c  e q u i l i b r i u m  i s  
e s t a b l i s h e d  m a in ly  by d e h y d r a t i o n  b e c a u s e  t h e  embryos a r e  
more p e rm e a b le  t o  w a t e r  t h a n  to  c r y o p r o t e c t a n t s .  The 
p e r m e a b i l i t y  o f  f e r t i l i z e d  and n o n - f e r t i l i z e d  mouse ova to  
w a t e r  i s  a b o u t  2000 to  5000 t i m e s  h i g h e r  t h a n  to  g l y c e r o l  
( J a c k o w s k i ,  L e ib o  & Mazur,  1980; L e ib o ,  1 9 8 0 ) .  A f t e r  t h e  
i n i t i a l  s h r i n k a g e ,  t h e  e n t r y  o f  c r y o p r o t e c t a n t  w i l l  c o n t i n u e  
and c o n c o m i t a n t l y  w a t e r  w i l l  r e - e n t e r  t h e  c e l l s  to  m a i n t a i n  
o s m o t i c  e q u i l i b r i u m .  T h is  l e a d s  t o  g r a d u a l  r e - e x p a n s i o n .  
P e r m e a t i o n  c o n t i n u e s  u n t i l  t h e  e x t r a -  and i n t r a c e l l u l a r  
c o n c e n t r a t i o n s  o f  t h e  p e rm e a b le  s o l u t e  r e a c h  e q u i l i b r i u m ;  
a f t e r w a r d s  t h e r e  i s  no f u r t h e r  ch ange  i n  t h e  volume o f  
c e l l s .
Wilmut (1972a ,  b) r e p o r t e d  t h a t  1 - s t e p  a d d i t i o n  o f  2 . 0  M- 
DMSO i r r e v e r s i b l y  damaged mouse embryos and t h e r e f o r e  he
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u s e d  a s t e p w i s e  a d d i t i o n  p r o c e d u r e .  E q u a l l y  h i g h  v i a b i l i t y  
was r e p o r t e d  by o t h e r  w o rk e r s  who added t h e  c r y o p r o t e c t a n t s  
to  mouse embryos i n  1 - s t e p  (W h i t t in g h am ,  Leibo  & Mazur,  
1972; L e ib o ,  Mazur & J a c k o w s k i ,  1 9 7 4 ) .
I n  t h e  e a r l y  e x p e r i m e n t s  on sh e ep  and c a t t l e  embryos i t  
was assumed t h a t  1 - s t e p  a d d i t i o n  o f  c r y o p r o t e c t a n t s  may 
damage t h e  embryos by c a u s i n g  e x c e s s i v e  s h r i n k a g e  and th e  
s t a n d a r d  p r o c e d u r e  was to  i n c r e a s e  c r y o p r o t e c t a n t  
c o n c e n t r a t i o n  i n  t h r e e  o r  more s t e p s  ( W i l l a d s e n  e t  a l . , 
1974; W i l l a d s e n ,  P o lg e  & Rowson, 1978a,  b ) . More r e c e n t  work 
on c a t t l e  embryos d e m o n s t r a t e d  t h a t  t h e r e  was no b e n e f i t  i n  
a d d in g  c r y o p r o t e c t a n t s  i n  a s t e p w i s e  manner  (Chupin  & 
P r o c u r e u r ,  1984; Niemann, 1 9 8 5 ) .  R e n a rd ,  Bui-Xuan-Nguyen & 
G a m i e r  (1984) r e p o r t e d  s i m i l a r  f i n d i n g s  on 2 - c e l l  r a b b i t  
e m b ry o s .
1 . 1 . 3 . 2 .  F a c t o r s  a f f e c t i n g  c r y o p r o t e c t a n t  p e r m e a t i o n
The o s m o t ic  r e s p o n s e  o f  embryos to  c r y o p r o t e c t a n t s  can  be  
m a t h e m a t i c a l l y  d e s c r i b e d .  The r a t e  o f  c r y o p r o t e c t a n t  
p e r m e a t i o n  d epends  on t h e  p e r m e a b i l i t y  c o e f f i c i e n t ,  t h e  
s u r f a c e  a r e a  and t h e  c o n c e n t r a t i o n  g r a d i e n t .
The c r y o p r o t e c t a n t  p e r m e a b i l i t y  c o e f f i c i e n t  ch an g e s  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e ,  s t a g e  o f  d e v e lo p m e n t ,  t y p e  o f  
compound and s p e c i e s .  The t e m p e r a t u r e  c o e f f i c i e n t  o f  
p e r m e a b i l i t y  e x p r e s s e s  t h e  change  i n  p e r m e a b i l i t y  w i t h  a 
10°C change  i n  t e m p e r a t u r e .  The t e m p e r a t u r e  c o e f f i c i e n t  o f
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p e r m e a b i l i t y  o f  1 - c e l l  mouse embryos to  g l y c e r o l  and Day-7 
b o v i n e  embryos to  DMSO i s  a b o u t  3 . 0  and 2 .5  r e s p e c t i v e l y  
( J a c k o w s k i ,  L e ib o  & Mazur, 1980; S c h n e i d e r ,  Mazur & L e ib o ,  
1 9 8 3 ) .
At 3 to  4°C mouse ova r e m a in  i n d e f i n i t e l y  s h ru n k e n  i n  
g l y c e r o l  s o l u t i o n s  (Sherman, 1963; J a c k o w s k i ,  L e ibo  & Mazur, 
1 9 8 0 ) .  T h e r e f o r e  L e ibo  (1986) c o n c lu d e d  t h a t  g l y c e r o l  a c t s  
p r a c t i c a l l y  a s  a n o n - p e r m e a t i n g  s o l u t e  a t  s u b f r e e z i n g  
t e m p e r a t u r e s .
At a g i v e n  t e m p e r a t u r e  t h e  p e r m e a b i l i t y  o f  mouse embryos 
to  g l y c e r o l  chan g es  w i t h  t h e  s t a g e  o f  d e v e lo p m e n t .  Mazur e t  
a l .  (1976) r e p o r t e d  t h a t  f e r t i l i z a t i o n  c a u se d  a 3 - f o l d  
i n c r e a s e  i n  t h e  p e r m e a b i l i t y  c o e f f i c i e n t  o f  mouse ova and 
s u b s e q u e n t  d e v e lo p m e n t  t o  8 - c e l l  s t a g e  r e s u l t e d  i n  an  
a d d i t i o n a l  1 0 - f o l d  i n c r e a s e .
The p e r m e a b i l i t y  o f  embryos a l s o  depends  on t h e  t y p e  o f  
c r y o p r o t e c t a n t . The e x p e r i m e n t s  o f  Miyamoto & I s h i b a s h i  
(1978)  on 8 - c e l l  mouse embryos p r o v i d e  i n d i r e c t  e v i d e n c e  f o r  
t h i s .  When t h e  embryos were  e q u i l i b r a t e d  a t  0°C e t h y l e n e  
g l y c o l  s u f f i c i e n t l y  p e rm e a te d  t h e  c e l l s  a f t e r  o n ly  0.1 min 
e x p o s u r e  w h i l e  i n  d i e t h y l e n e  g l y c o l ,  t r i e t h y l e n e  g l y c o l ,  
p r o p y l e n e  g l y c o l  and p o l y e t h y l e n e  g l y c o l  r e s p e c t i v e l y ,  30,  
15, 30 and 60 min e q u i l i b r a t i o n  was r e q u i r e d  f o r  o p t i m a l  
p o s t - t h a w  s u r v i v a l .  E v id e n c e  on e r y t h r o c y t e s  shows t h a t  t h e  
r e l a t i v e  o r d e r  o f  p e r m e a b i l i t y  to  c r y o p r o t e c t a n t s  depends  on 
t h e  s p e c i e s .  F o r  example  b o v i n e  e r y t h r o c y t e s  a r e  20 t im e s  
more p e rm e a b le  to  t r i e t h y l e n e  g l y c o l  t h a n  to  g l y c e r o l  w h i l e
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r a b b i t  e r y t h r o c y t e s  a r e  s l i g h t l y  more p e rm e a b le  to  g l y c e r o l  
(Dawson & D a n i e l l i ,  1 9 5 2 ) .  S i m i l a r  s p e c i e s  d i f f e r e n c e s  a l s o  
e x i s t  f o r  em bryos .  T w o - c e l l  mouse embryos r e - e x p a n d e d  f a s t e r  
i n  DMSO t h a n  i n  g l y c e r o l  (W h i t t in g h am  & W ales ,  1969) and 
human embryos a r e  a l s o  more p e rm e a b le  to  DMSO t h a n  to  
g l y c e r o l  (T rounson  & Mohr, 1 9 8 3 ) .  In  c o n t r a s t  Day-7 b o v i n e  
embryos a r e  more p e rm e a b le  to  g l y c e r o l  t h a n  to  DMSO 
( S c h n e i d e r ,  Mazur & L e ib o ,  1 9 8 3 ) .  L e ib o  (1984) c o n f i rm e d  
t h a t  b o v i n e  b l a s t o c y s t s  r e q u i r e d  l e s s  t im e  t o  r e - e x p a n d  i n  
g l y c e r o l  t h a n  i n  DMSO s o l u t i o n s .
1 . 1 . 3 . 3 .  C r y o p r o t e c t a n t  rem ova l
1 . 1 . 3 . 3 . 1 .  Osmotic  e f f e c t s
The o s m o t ic  r e s p o n s e  o f  embryos to  c r y o p r o t e c t a n t  rem ova l  
was d e s c r i b e d  by S c h n e i d e r  & Mazur ( 1 9 8 4 ) .  In  p h y s i o l o g i c a l  
medium c r y o p r o t e c t a n t  p e rm e a te d  c e l l s  w i l l  su d d e n ly  s w e l l  
b e f o r e  t h e i r  volume g r a d u a l l y  r e t u r n s  to  n o r m a l .  The i n i t i a l  
s w e l l i n g  i s  c a u se d  by t h e  e n t r y  o f  w a t e r ,  to  r e s t o r e  o sm o t ic  
e q u i l i b r i u m ,  a t  a r a t e  f a s t e r  t h a n  t h e  c r y o p r o t e c t a n t  can 
l e a v e  t h e  c e l l s .  The o u t f l o w  o f  c r y o p r o t e c t a n t  c o n t i n u e s  
u n t i l  i t s  i n t r a -  and e x t r a c e l l u l a r  c o n c e n t r a t i o n s  become 
e q u a l .  C o n s i d e r i n g  t h a t  t h e  volume o f  embryos i s  n e g l i g i b l e  
compared t o  t h e  s u s p e n d i n g  medium, t h e  i n t r a c e l l u l a r  
c r y o p r o t e c t a n t  c o n c e n t r a t i o n  w i l l  b e  z e r o  i n  e q u i l i b r i u m .  
D ur ing  t h e  o u t f l o w  o f  c r y o p r o t e c t a n t  t h e  o s m o t i c  e q u i l i b r i u m
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i s  m a i n t a i n e d  by t h e  s i m u l t a n e o u s  o u t f l o w  o f  w a t e r .  The 
volume o f  embryos r e t u r n s  to  n o rm a l  a s  c r y o p r o t e c t a n t  and 
w a t e r  l e a v e  t h e  c e l l s .
1 . 1 . 3 . 3 . 2 .  V i a b i l i t y  a f t e r  r a p i d  d i l u t i o n
Osmotic  damage o c c u r s  i f  s w e l l i n g  d u r i n g  t h e  rem ova l  o f  
c r y o p r o t e c t a n t  e x c e e d s  a t o l e r a b l e  l i m i t .  S c h n e i d e r  St Mazur 
(1984) r e p o r t e d  t h a t  t h e  maximun t o l e r a b l e  volume i n c r e a s e  
f o r  mouse b l a s t o c y s t s  was 2 . 7 - f o l d  f o r  30 min a t  23°C .  The 
e x t e n t  o f  t h e  i n i t i a l  s w e l l i n g  depends  on t h e  p e r m e a b i l i t y  
o f  embryos to  t h e  c r y o p r o t e c t a n t  and on t h e  o s m o t ic  p r e s s u r e  
d i f f e r e n c e  d u r i n g  d i l u t i o n .  The d ep en d e n ce  o f  c r y o p r o t e c t a n t  
p e r m e a b i l i t y  on t h e  s p e c i e s ,  d e v e l o p m e n t a l  s t a g e  and 
t e m p e r a t u r e  e x p l a i n s  d i f f e r e n c e s  i n  t h e  o s m o t i c  damage to  
embryos d u r i n g  d i l u t i o n .
W h i t t in g h a m  Sc Wales (1969)  r e p o r t e d  t h a t  1 - s t e p  a d d i t i o n  
and rem o v a l  o f  1 67o ( 2 .2 5  M) DMSO was d e t r i m e n t a l  t o  t h e  
v i a b i l i t y  o f  2 - c e l l  mouse em bryos .  The r a p i d  d i l u t i o n  o f  1 .5  
M-DMSO was a l s o  d e t r i m e n t a l  f o r  l a t e  m o ru la  to  b l a s t o c y s t  
s t a g e  c a t t l e  and sh e ep  embryos ( W i l l a d s e n ,  P o lg e  Sc Rowson, 
1 9 7 8 ) .  S u b s e q u e n t  work on f r o z e n - t h a w e d  8 - c e l l  mouse embryos 
showed t h a t  t h e i r  v i a b i l i t y  i n  v i t r o  o r  i n  v i v o  was e q u a l l y  
good a f t e r  1 - s t e p  and s t e p w i s e  d i l u t i o n  o f  1 .5  M-DMSO 
(W h i t t in g h a m  e t  a l . ,  1 9 7 9 ) .  S c h n e i d e r  Sc M aurer  (1983)  a l s o  
o b t a i n e d  h i g h  p o s t - t h a w  s u r v i v a l  a f t e r  r a p i d  d i l u t i o n  o f  1 .0  
to  2 . 0  M-DMSO from mouse 8 - c e l l  embryos and b l a s t o c y t s  a t  20
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o r  37°C, b u t  t h e  v i a b i l i t y  o f  b l a s t o c y s t s  was low when t h e  
d i l u t i o n  was done a t  0°C. R a i l ,  Wood & K irb y  (1984) r e p o r t e d  
t h a t  t h e  s u r v i v a l  r a t e  o f  f r o z e n - t h a w e d  Day-4 mouse embryos 
was n o t  improved by t h e  r e m o v a l  o f  1 .5  M-DMSO b e f o r e  
t r a n s  f e r .
I t  c a n  b e  c o n c lu d e d  t h a t  mouse embryos a r e  much more 
r e s i s t a n t  to  o s m o t i c  sh o c k  d u r i n g  c r y o p r o t e c t a n t  d i l u t i o n  
t h a n  sheep  o r  c a t t l e  em bryos .
1 . 1 . 3 . 3 . 3 .  S t e p w i s e  d i l u t i o n  o f  c r y o p r o t e c t a n t s
The e x t e n t  o f  s w e l l i n g  d u r i n g  rem o v a l  o f  c r y o p r o t e c t a n t  
from embryos can  b e  c o n t r o l l e d  by r e d u c i n g  th e
c r y o p r o t e c t a n t  c o n c e n t r a t i o n  i n  3 to  6 e q u a l  s t e p s
(W h i t t in g h a m ,  Leibo  & Mazur,  1972; W ilmut,  1972; W i l l a d s e n  
e t  a l . , 1 9 7 4 ) .  S c h n e i d e r  & Mazur (1984)  c a l c u l a t e d  t h e
volume changes  o f  b o v i n e  embryos d u r i n g  c r y o p r o t e c t a n t  
d i l u t o n  and found t h a t  e q u a l  s t e p s  d i d  n o t  p r o d u c e  e q u a l  
i n c r e m e n t s  i n  vo lu m e .  The embryo n e e d e d  a b o u t  5 min a t  e ach  
s t e p  to  r e g a i n  i t s  n o rm a l  vo lum e .  On t h e  b a s i s  o f  c a l c u l a t e d  
o s m o t ic  r e s p o n s e  o f  c a t t l e  embryos S c h n e i d e r  & Mazur (1984) 
s u g g e s t e d  r e d u c i n g  t h e  g l y c e r o l  c o n c e n t r a t i o n  from 1 .5  M to  
0 . 6  M and and t h e n  t o  0 .3  M f o r  6 min e a c h  b e f o r e  p l a c i n g  
t h e  embryos i n t o  p h y s i o l o g i c a l  s o l u t i o n .
1 . 1 . 3 . 3 . 4 .  S u c r o s e  d i l u t i o n
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The s t e p w i s e  rem o v a l  o f  c r y o p r o t e c t a n t s  i s  a t e d i o u s
p r o c e d u r e  w h ich  l i m i t e d  t h e  t r a n s f e r  o f  f r o z e n  embryos
p a r t i c u l a r l y  f o r  farm a n im a l s  u n d e r  f i e l d  c o n d i t i o n s .  One 
way t o  overcome t h e s e  d i f f i c u l t i e s  i s  t h e  u s e  o f  a
n o n - p e r m e a b l e  s o l u t e  s u c h  a s  s u c r o s e  f o r  c r y o p r o t e c t a n t  
r e m o v a l .  S u c r o s e  d i l u t i o n  was o r i g i n a l l y  u se d  f o r  t h e  
r em o v a l  o f  g l y c e r o l  from f r o z e n - t h a w e d  r e d  b l o o d  c e l l s  
( V a l e r i ,  Runck & B r o d in e ,  1969) ;  i t s  a p p l i c a t i o n  f o r  
c r y o p r o t e c t a n t  r em o v a l  from embryos was s u g g e s t e d  by Leibo  & 
Mazur ( 1 9 7 8 ) .  The s u c r o s e  s o l u t i o n  f a c i l i t a t e s
c r y o p r o t e c t a n t  r em o v a l  and a t  t h e  same t im e  c o n t r o l s  th e  
amount o f  s w e l l i n g .  I n i t i a l  s w e l l i n g  o c c u r s  o n ly  i f  t h e  
s u c r o s e  s o l u t i o n  h a s  lo w e r  o s m o l a r i t y  t h a n  th e  
c r y o p r o t e c t a n t  p e rm e a te d  c e l l s  ( 1 . 1 2  M - s u c r o s e  i s  i s o s m o l a l  
t o  1 .5  M - g l y c e r o l ) . As t h e  g l y c e r o l  l e a v e s  t h e  c e l l s  t h e  
embryos w i l l  l o s e  w a t e r  and s h r i n k  to  m a i n t a i n  o sm o t ic  
e q u i l i b r i u m ;  i n  p h y s i o l o g i c a l  medium t h e  c e l l s  r e g a i n  t h e i r  
o r i g i n a l  volume ( S c h n e i d e r  & Mazur, 1 9 8 4 ) .
K a s a i ,  Niwa & I r i t a n i  (1980) f i r s t  u s e d  s u c r o s e  d i l u t i o n  
f o r  c r y o p r o t e c t a n t  rem ova l  from em b ry o s .  They found t h a t  t h e  
s u r v i v a l  r a t e  o f  f r o z e n  thawed mouse m o ru la e  was b e t t e r  i f  
t h e  embryos w ere  n o t  t r a n s f e r r e d  from t h e  f r e e z i n g  medium 
d i r e c t l y  i n t o  0 .5  M - s u c r o s e ,  b u t  f i r s t  p l a c e d  i n t o  2 .0  M- 
DMSO + 0 . 5  M -s u c ro s e  and t h e n  i n t o  0 . 5  M - s u c r o s e .  A s i m i l a r  
method u s i n g  a g l y c e r o l - s u c r o s e  g r a d i e n t  r e s u l t e d  i n  
s i g n i f i c a n t l y  h i g h e r  number o f  m o r p h o l o g i c a l l y  no rm al  
f r o z e n - t h a w e d  b o v i n e  b l a s t o c y s t s  t h a n  s t e p w i s e  g l y c e r o l
IS
r em o v a l  (Niemann e t  a l .  , 1 9 8 2 ) .
O n e - s t e p  s u c r o s e  d i l u t i o n  a l s o  p r o v i d e s  s a t i s f a c t o r y  
s u r v i v a l  r a t e .  D i l u t i o n  o f  t h e  c r y o p r o t e c t a n t  w i t h i n  th e  
s t r a w  ( L e i b o ,  West  & P e r r y ,  1982a,  b ;  R e n a r d , Heyman & O z i l ,  
1981) makes t h e  p r o c e d u r e  v e ry  s i m p l e .  T h is  method i s  o f  
c o n s id e ra b le  p r a c t i c a l  i m p o r t a n c e  i n  t h e  t r a n s f e r  o f  f r o z e n  
b o v i n e  embryos b e c a u s e  i t  does  n o t  r e q u i r e  t h e  u s e  o f  a 
m ic r o s c o p e  o r  any o t h e r  l a b o r a t o r y  e q u ip m e n t .  A f t e r  
a l l o w i n g  t im e  f o r  t h e  r em o v a l  o f  t h e  c r y o p r o t e c t a n t ,  embryos 
c a n  b e  t r a n s f e r r e d  d i r e c t l y  from t h e  s t r a w  u s i n g  t h e  same 
e q u ip m en t  a s  f o r  a r t i f i c a l  i n s e m i n a t i o n .
Two methods have  b e e n  p a t e n t e d  f o r  i n - s t r a w  d i l u t i o n  
( L e i b o ,  West & P e r r y , 1 9 8 2 a ,  b; R en ard ,  Heyman & O z i l ,  1982) 
b o t h  o f  which  u s e d  a 0 .2 5  ml i n s e m i n a t i o n  s t r a w  which  was 
d i v i d e d  i n t o  t h r e e  c o m p ar tm en ts  by a i r  b u b b l e s .  The m idd le  
com par tm en t  c o n t a i n e d  t h e  embryo i n  f r e e z i n g  medium. L e ib o ,  
West  and  P e r r y  (1982a) p l a c e d  i s o s m o t i c  s u c r o s e  s o l u t i o n  
i n t o  t h e  top  and t h e  b o t to m  co m p ar tm en ts  and mixed t h e  t h r e e  
c o m p a r tm e n ts  a f t e r  t h a w in g .  U s ing  t h i s  method p reg n a n cy  
r a t e s  r a n g i n g  b e tw e e n  44% (1 5 /3 4 )  and 267, (327/1 259) w ere  
r e p o r t e d  ( L e ib o ,  West & P e r r y ,  1982b; L e ib o ,  1 9 8 4 ) .
The o t h e r  p a t e n t e d  method (R e n a rd ,  Heyman & O z i l ,  1982) 
u s e d  M en ezo 's  B2 medium i n s t e a d  o f  s u c r o s e  s o l u t i o n  i n  th e  
u p p e r  com par tm en t ;  t h e  f r e e z i n g  medium i n  t h e  m id d le  
c o m p ar tm en t  and  0 .2 5  M - s u c r o s e  s o l u t i o n  i n  t h e  low er  
com par tm en t  were  mixed a t  3 7 °C; t h e  to p  com par tm ent  e n s u r e d  
t h a t  t h e  embryos d id  n o t  r e m a in  i n  t h e  s t r a w  a f t e r  n o n -
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s u r g i c a l  t r a n s f e r .  Mixing  w i t h  t h e  to p  com par tm en t  i n  th e  
u t e r u s  o f  t h e  r e c i p i e n t  was a l s o  i n t e n d e d  to  r e d u c e  t h e  
d u r a t i o n  o f  e x p o s u r e  to  s u c r o s e  a f t e r  g l y c e r o l  r e m o v a l .  
Chup in ,  F l o r i n  & P r o c u r e u r  (1984)  compared t h e  e f f e c t i v e n e s s  
o f  t h e  two p a t e n t e d  m ethods and o b t a i n e d  no  s i g n i f i c a n t  
d i f f e r e n c e s ;  t h e  p re g n a n c y  r a t e s  w e re  41.47, (4 1 /9 9 )  and
44.77o ( 2 1 /4 7 )  u s i n g  t h e  t e c h n i q u e  o f  L e ib o ,  West & P e r r y
(1 9 82a, b)  and R e n a r d , Heyman Sc O z i l  (19 82) r e s p e c t i v e l y .  
T hese  s u c c e s s  r a t e s  compare  f a v o u r a b l y  w i t h  t h e  t r a d i t i o n a l  
s t e p w i s e  c r y o p r o t e c t a n t  rem o v a l  when a f t e r  th aw in g  o n ly  t h e  
m o r p h o l o g i c a l l y  n o rm a l  embryos a r e  s e l e c t e d  f o r  t r a n s f e r .
To e s t a b l i s h  t h e  o p t i m a l  s u c r o s e  c o n c e n t r a t i o n  f o r  1 - s t e p  
i n  s t r a w  d i l u t i o n  Merry e t  a l .  (1983) compared t h e  i n  v i t r o  
s u r v i v a l  r a t e s  o f  f r o z e n - t h a w e d  mouse b l a s t o c y s t  a f t e r  t h e  
rem o v a l  o f  1 . 0 ,  1 . 4  o r  1 . 8  M - g l y c e r o l  w i t h  0 . 2 5 ,  0 .5  o r  1 .0  
M -s u c ro s e  o r  w i t h  s t e p w i s e  r e m o v a l .  The h i g h e s t  l e v e l  o f  
s u r v i v a l  r e s u l t e d  from t h e  c o m b i n a t i o n  o f  1 .0  M - g l y c e r o l  and 
1 .0  M -s u c ro s e  s o l u t i o n s ,  b u t  t h e  s u c c e s s  r a t e  was n o t  
s i g n i f i c a n t l y  b e t t e r  t h a n  w i t h  s t e p w i s e  r e m o v a l .  A l l  o t h e r  
t r e a t m e n t  c o m b i n a t i o n s  gave  s i g n i f i c a n t l y  lo w e r  s u r v i v a l .
1 . 1 . 3 . 3 . 5 .  H ig h ly  p e r m e a t i n g  c r y o p r o t e c t a n t s
An a l t e r n a t i v e  s o l u t i o n  to  a v o id  t h e  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  t h e  r e m o v a l  o f  g l y c e r o l  a n d / o r  DMSO i s  th e  
u s e  o f  c r y o p r o t e c t a n t s  w h ich  do n o t  r e q u i r e  rem o v a l  b e f o r e  
t h e  t r a n s f e r  o f  embryos i n t o  r e c i p i e n t s .  M ethano l  p e rm e a te s
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and l e a v e s  t h e  c e l l s  so r a p i d l y  t h a t  no chan g es  i n  t h e  
volume o f  embryos w ere  o b s e r v e d  ( R a i l  e t  a l . ,  1984 ) .  A h i g h  
p r o p o r t i o n  (817o, 17 /21)  o f  mouse m o ru la e  f r o z e n  i n  3 . 0  M-
m e t h a n o l  d e v e lo p e d  i n t o  l i v e  f e t u s e s  when t r a n s f e r r e d  i n t o  
r e c i p i e n t s  w i t h o u t  c r y o p r o t e c t a n t  d i l u t i o n  ( R a i l  e t  a l .  , 
1984) .
1 . 1 . 4 .  F r e e z i n g  and th aw in g
1 . 1 . 4 . 1 .  Aqueous s o l u t i o n s  a t  s u b f r e e z i n g  t e m p e r a t u r e s
Embryos a r e  f r o z e n  i n  a q u eo u s  s o l u t i o n s  o f  s a l t s  and 
c r y o p r o t e c t a n t s . D ur ing  f r e e z i n g  t h e  r e m o v a l  o f  w a t e r  by th e  
f o r m a t i o n  o f  i c e  i n c r e a s e s  t h e  s o l u t e  c o n c e n t r a t i o n  i n  t h e  
u n f r o z e n  f r a c t i o n  o f  t h e  s o l u t i o n .  As t h e  t e m p e r a t u r e  
d e c r e a s e s  d u r i n g  f r e e z i n g ,  an i n c r e a s i n g  amount o f  w a t e r  
w i l l  b e  c o n v e r t e d  i n t o  i c e  and c o n s e q u e n t l y  t h e  u n f r o z e n  
f r a c t i o n  becomes more and more c o n c e n t r a t e d .  Below t h e  
e u t e c t i c  t e m p e r a t u r e  t h e  e n t i r e  s o l u t i o n  s o l i d i f i e s .  Each 
s o l u t e  h a s  i t s  c h a r a c t e r i s t i c  e u t e c t i c  p o i n t .  I n  f r e e z i n g  
m e d ia ,  which a r e  m i x t u r e s  o f  d i f f e r e n t  s o l u t e s ,  t h e  l i q u i d  
f r a c t i o n  e x i s t s  a t  l e a s t  u n t i l  t h e  t e m p e r a t u r e  r e a c h e s  t h e  
l o w e s t  e u t e c t i c  p o i n t  o f  t h e  s o l u t e s  p r e s e n t  i n  t h e  m ix t u r e  
( L e i b o ,  1981) .
1 . 1 . 4 . 2 .  R a t e  o f  d e h y d r a t i o n  d u r i n g  f r e e z i n g
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The r a t e  o f  d e h y d r a t i o n  d u r i n g  f r e e z i n g  depends on th e  
c e l l ' s  p e r m e a b i l i t y  to  w a t e r ,  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  
w a t e r  p e r m e a b i l i t y  and t h e  volume to  s u r f a c e  a r e a  r a t i o .  
Mazur (1963)  f o r m u l a t e d  a m a t h e m a t i c a l  e x p r e s s i o n  to  
d e s c r i b e  t h e  l o s s  o f  w a t e r  from c e l l s  d u r i n g  f r e e z i n g .  These 
c a l c u l a t i o n s  e n a b l e d  him to  p r e d i c t  t h e  c o o l i n g  r a t e  which  
a l l o w s  enough  d e h y d r a t i o n  t o  p r e v e n t  i n t r a c e l l u l a r  i c e  
f o r m a t i o n  f o r  d i f f e r e n t  t y p e s  o f  c e l l s .
More r e c e n t l y  Mazur ,  R a i l  & L eibo  (1984) m o d i f i e d  t h e  
m ethod f o r  c a l c u l a t i n g  t h e  r e l a t i o n s h i p  b e tw e e n  t h e
t e m p e r a t u r e  and t h e  c e l l s '  h y d r a u l i c  c o n d u c t i v i t y  ( L p ) . 
T h e o r e t i c a l l y  a mouse ovum c o o le d  a t  an  i n f i n i t e l y  s lo w  r a t e  
r e m a in s  i n  o s m o t i c  e q u i l i b r i u m  w i t h  t h e  u n f r o z e n  f r a c t i o n  o f  
t h e  e x t r a c e l l u l a r  medium. When t h e  f r e e z i n g  medium c o n t a i n s  
1 .0  M-DMSO, an  ovum i n  e q u i l i b r i u m  w i l l  l o s e  n e a r l y  607o o f  
i t s  volume a t  -10°C and 7 0% o f  i t s  volume a t  - 2 5 °C. Ova 
c o o l e d  a t  f i n i t e  r a t e s  w i l l  c o n t a i n  i n c r e a s i n g  amount o f  
w a t e r  w i t h  i n c r e a s i n g  c o o l i n g  r a t e s .
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1 . 2 .  C auses  o f  i n j u r y  d u r i n g  f r e e z i n g
1 . 2 . 1 .  Low t e m p e r a t u r e s
E x p o su re  to  s u b z e r o  t e m p e r a t u r e s  i n  i t s e l f  i s  n o t  h a rm f u l  
to  m ost  c e l l s ;  r e d  b l o o d  c e l l s  f o r  example  can  be 
s u p e r c o o l e d  to  -15°C w i t h o u t  d e l e t e r i o u s  e f f e c t s  (L o v e lo c k ,  
1 9 5 3 a ) .  P ig  embryos a r e  e x c e p t i o n a l  i n  t h e i r  s e n s i t i v i t y  to 
low t e m p e r a t u r e s ) ;  t h e y  a r e  k i l l e d  s im p ly  by c o o l i n g  to  o r  
be low  +15°C ( (W i lm u t ,  1972b;  P o l g e ,  Wilmut & Rowson, 19 7 4 ) .  
S e n s i t i v i t y  to  low t e m p e r a t u r e s  was a l s o  r e p o r t e d  f o r  c a t t l e  
embryos i n  t h e  uncom pacted  m o ru la  and e a r l i e r  s t a g e s  ( P o l g e ,  
Wilmut & Rowson, 1974; W ilm ut ,  P o lg e  & Rowson, 1975; 
T ro u n so n ,  W i l l a d s e n  & Rowson, 1976; T rounson  e t  a l . , 1976; 
W i l l a d s e n  e t  a l . ,  1 9 7 6 b ) .
1 . 2 . 2 .  E x t r a c e l l u l a r  i c e  f o r m a t i o n
The m ost  e v i d e n t  e x p l a n a t i o n  o f  f r e e z i n g  i n j u r y  i s  damage 
c a u s e d  by t h e  g ro w th  o f  e x t r a c e l l u l a r  i c e  c r y s t a l s  which 
m e c h a n i c a l l y  smash o r  p i e r c e  c e l l u l a r  s t r u c t u r e s .  T h is  
h y p o t h e s i s  on f r e e z i n g  i n j u r y  was s u p p o r t e d  by e v id e n c e  on 
e x t e n s i v e  d e f o r m a t i o n  o f  t i s s u e  s t r u c t u r e s  d u r i n g  f r e e z i n g .  
However, L u y e t  & Gehenio  (1940) d e m o n s t r a t e d  t h a t  th e  
f o r m a t i o n  o f  e x t r a  c e l l u l a r  i c e  p o s e s  no h a r m f u l  e f f e c t s  and 
t h e  m e c h a n i c a l  d e f o r m a t i o n  o f  t i s s u e s  can  b e  t o l e r a t e d .  The 
s u r v i v a l  o f  f r o z e n - t h a w e d  c e l l s  p r o v i d e s  ample  e v i d e n c e  t h a t
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t h e  f o r m a t i o n  o f  e x t r a c e l l u l a r  i c e  i s  n o t  l e t h a l .
1 . 2 . 3 .  I n t r a c e l l u l a r  i c e  f o r m a t i o n
M a z u r ' s  (1963) h y p o t h e s i s  on t h e  o sm o t ic  b e h a v i o u r  o f  
c e l l s  d u r i n g  f r e e z i n g  p r e d i c t e d  t h a t  i n t r a c e l l u l a r  i c e  
f o r m a t i o n  w i l l  o c c u r  i f  t h e  c e l l s  a r e  f r o z e n  a t  r a t e s  which
do n o t  a l l o w  s u f f i c i e n t d e h y d r a t  i o n . The v a l i d i t y  o f  t h i s
h y p o t h e s i s was p ro v ed f o r  mouse ova by Le ib  o , McGrath Sc
C ra v a lh o ( 1 9 7 8 ) .  The p r o p o r t  io n o f ova i n  which
i n t r a c e l l u l a r  i c e  f o r m a t i o n  o c c u r e d  i n c r e a s e d  w i t h  h i g h e r  
c o o l i n g  r a t e s  and a l l  ova  f r o z e  i n t r a c e l l u l a r l y  when c o o le d  
a t  4 . 8 ° C / m i n  o r  f a s t e r .  F u r t h e r  c r y o m i c r o s c o p i c  s t u d i e s  
h a v e  b e e n  p e r f o r m e d  on mouse ( R a i l ,  Reid  & P o l g e ,  1984) and 
c a t t l e  embryos ( L e h n - J e n s e n  Sc R a i l ,  1 9 8 3 ) .  L e i b o ,  Dowgert & 
S te p o n k u s  (1984) found  t h a t  i n t r a c e l l u l a r  i c e  n u c l e a t i o n  and 
m e l t i n g  i n  b o v i n e  embryos o c c u r e d  a t  h i g h e r  t e m p e r a t u r e s  a s  
t h e  r a t e  o f  f r e e z i n g  i n c r e a s e d  from -1 to  - 8 °  C/min.  
Embryos f r o z e n  a t  -1 °C /min  became p a r t l y  d e h y d r a t e d ,  b u t  
i n t r a c e l l u l a r  i c e  f o r m a t i o n  s t i l l  o c c u r e d  a t  low er  
t e m p e r a t u r e s ;  embryos f r o z e n  more r a p i d l y  l o s t  l e s s  w a t e r  
and c o n s e q u e n t l y  f r o z e  a t  r e l a t i v e l y  h i g h e r  t e m p e r a t u r e s .
I n t r a c e l l u l a r  i c e  i s  i n e v i t a b l y  d e s t r u c t i v e  to  p l a n t  
c e l l s  ( L e v i t t ,  1956) and i t s  l e t h a l  e f f e c t s  to  embryos a r e  
a l s o  w e l l  docum ented ;  t h e  p o s t - t h a w  s u r v i v a l  o f  embryos 
d e c r e a s e s  w i t h  h i g h  f r e e z i n g  r a t e s  which  r e s u l t  i n  
i n t r a c e l l u l a r  f r e e z i n g  ( W h i t t i n g h a m , L e ib o  & Mazur,  1972;
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L e i b o ,  McGrath 5c C r a v a l h o ,  1 9 7 8 ) .  Some d e g r e e  o f  
i n t r a c e l l u l a r  i c e  f o r m a t i o n  i s ,  how ever ,  c o m p a t i b l e  w i th  
s u r v i v a l  ( R a i l ,  Reid 5c F a r r a n t  1 9 8 0 ) .
1 . 2 . 4 .  E x p o su re  to  h i g h  s o l u t e  c o n c e n t r a t i o n s
1 . 2 . 4 . 1 .  S o l u t i o n  e f f e c t s
D ur ing  f r e e z i n g  t h e  c e l l s  a r e  exp o sed  to  p r o g r e s s i v e l y  
i n c r e a s i n g  c o n c e n t r a t i o n s  o f  s a l t s  f o l lo w e d  by r a p i d  
r e d u c t i o n  o f  s a l t  c o n c e n t r a t i o n  d u r i n g  th a w in g .  To model 
t h e s e  chan g es  L o v e lo ck  (1953a)  s t u d i e d  t h e  e f f e c t  o f  
e x p o s u r e  to  h i g h  s a l t  c o n c e n t r a t i o n s  on t h e  v i a b i l i t y  o f  
u n f r o z e n  e r y t h r o c y t e s .  E x p o su re  to  c o n c e n t r a t e d  s a l t  
s o l u t i o n s  i n  i t s e l f  c a u se d  l i t t l e  damage to  u n f r o z e n  
e r y t h r o c y t e s ,  b u t  h a e m o l y s i s  o c c u r e d  when t h e  c e l l s  were 
s u b s e q u e n t l y  r e - s u s p e n d e d  i n  p h y s i o l o g i c a l  s o l u t i o n s .  
L o v e lo c k  (1953a)  a l s o  o b s e r v e d  t h a t  i n  0 .8  M o r  more 
c o n c e n t r a t e d  sodium c h l o r i d e  s o l u t i o n s  r e d  b l o o d  c e l l s  
became p e rm e a b le  to  sodium io n s  and r e - e x p a n d e d .
D ur ing  f r e e z i n g  t h e  c r i t i c a l  t e m p e r a t u r e  r a n g e  f o r  
e r y t h r o c y t e s  was b e tw e e n  -3  and -40°C;  t h e  c e l l s  were
i r r e v e r s i b l y  damaged i f  t h e y  r em a in e d  i n  t h i s  t e m p e r a t u r e  
i n t e r v a l  f o r  l o n g e r  t h a n  a few s e c o n d s .  The c r i t i c a l  
t e m p e r a t u r e  r a n g e  c o i n c i d e d  w i t h  t h o s e  t e m p e r a t u r e s  a t  
w h ich  t h e  c e l l s  were  e x p o sed  to  h i g h  s a l t  c o n c e n t r a t i o n s .  
The h a e m o l y s i s  was p r o p o r t i o n a l  to  t h e  t im e  s p e n t  i n  s t r o n g
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NaCl s o l u t i o n s  d u r i n g  f r e e z i n g  and th aw in g  and i t s  e x t e n t  
was a lm o s t  i d e n t i c a l  to  t h a t  c a u se d  by s i m i l a r  e x p o s u r e  o f  
u n f r o z e n  c e l l s  to  NaCl.
The i n c l u s i o n  o f  i n c r e a s i n g  am ounts  o f  g l y c e r o l  i n t o  
t h e  f r e e z i n g  medium r e d u c e d  t h e  r a n g e  o f  f r e e z i n g  
t e m p e r a t u r e s  i n  which  h a e m o l y s i s  o c c u r e d ;  however ,  
i r r e s p e c t i v e  o f  t h e  p r e s e n c e  o f  g l y c e r o l ,  h a e m o l y s i s  s t a r t e d  
when t h e  s a l t  c o n c e n t r a t i o n  i n  t h e  u n f r o z e n  f r a c t i o n  o f  t h e  
medium r e a c h e d  a c r i t i c a l  v a l u e  ( 0 . 8  M). G l y c e r o l  e x e r t e d  
i t s  c r y o p r o t e c t i v e  a c t i o n  o n l y  i f  t h e  c e l l s  w e re  p e rm e a te d  
b e f o r e  f r e e z i n g  (L o v e lo c k ,  1 9 5 3 b ) .
From t h e s e  e x p e r i m e n t s  L o v e lo c k  (1953a)  c o n c lu d e d  t h a t  
f r e e z i n g  i n j u r y  was due to  e x p o s u r e  to  h i g h  c o n c e n t r a t i o n s  
o f  e x t r a -  and i n t r a c e l l u l a r  e l e c t r o l y t e s  ( s o l u t i o n  e f f e c t s ) .  
T h is  t h e o r y  g a in e d  w i d e s p r e a d  a c c e p t a n c e  a s  a c a u s e  o f  
f r e e z i n g  i n j u r y  i n  s lo w ly  f r o z e n  c e l l s  and was i n c o r p o r a t e d  
i n t o  M a z u r ' s  c l a s s i c a l  2 - f a c t o r  h y p o t h e s i s  on t h e  f r e e z i n g  
i n j u r y  o f  c e l l s  (Mazur,  1963; Mazur ,  1 9 7 0 ) .
1 . 2 . 4 . 2 .  The "minimum c e l l  volume" h y p o t h e s i s
Meryman (1968)  o b s e r v e d  t h a t  t h e  volume o f  e r y t h r o c y t e s  
d id  n o t  show t h e  e x p e c t e d  d e c r e a s e  when t h e  o s m o l a l i t y  o f  
t h e  s u s p e n d in g  s a l t  s o l u t i o n  was i n c r e a s e d  t o  1.1 o s m o la l  o r  
a b o v e .  A f t e r  e x p o s u r e  to  s a l t  s o l u t i o n s  b e tw ee n  1.1 and 1.5 
m o l a l ,  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n  o f  sodium i n c r e a s e d  
a b n o rm a l ly  and t h e r e  was a l e a k a g e  i n  p o t a s s i u m .  H aem olys is
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o c c u r r e d  o n ly  a f t e r  p l a c i n g  t h e  c e l l s  b a c k  to  p h y s i o l o g i c a l  
medium. T h is  c e l l u l a r  r e s p o n s e  was found to  b e  an  a l l  o r  
none  phenomenom and t h e  p r o p o r t i o n  o f  c e l l s  a f f e c t e d  
i n c r e a s e d  w i t h  i n c r e a s e s  i n  t h e  o s m o l a l i t y  o f  t h e  medium 
a n d / o r  t h e  d u r a t i o n  o f  e x p o s u r e .
The e x t e n t  o f  h a e m o ly s i s  c a u s e d  by c o n c e n t r a t e d  s a l t  
s o l u t i o n s  was s i m i l a r  to  t h a t  c a u se d  by a p p r o x i m a t e l y  th e  
same o s m o la l  c o n c e n t r a t i o n s  o f  s u c r o s e .  T h e r e f o r e  Meryman 
(1968) s u g g e s t e d  t h a t  i n j u r y  i n  h y p e r t o n i c  s o l u t i o n s  was n o t  
c a u se d  by s p e c i f i c  e f f e c t s  o f  s a l t s ,  b u t  by t h e  r em o v a l  o f  a 
c r i t i c a l  p o r t i o n  o f  c e l l  w a t e r  and t h e  a s s o c i a t e d  r e d u c t i o n  
i n  vo lum e .  S u b s e q u e n t  e x p e r i m e n t s  e x c lu d e d  t h e  p o s s i b i l i t y  
t h a t  t h e  i n j u r y  i n  c o n c e n t r a t e d  s o l u t i o n s  o f  s u c r o s e  was due 
to  i n c r e a s e d  i n t r a c e l l u l a r  p o t a s s i u m  c o n c e n t r a t i o n  (Meryman, 
1 9 7 0 ) .  The o b s e r v a t i o n  t h a t  e r y t h r o c y t e s  t o l e r a t e d  a 
p e r m e a t i n g  s a l t  (ammoniun c h l o r i d e )  i n  much h i g h e r  
c o n c e n t r a t i o n s  ( 4 . 0  M) t h a n  NaCl ( 0 .8  M) p r o v i d e d  a d d i t i o n a l  
e v id e n c e  t h a t  t h e  i n j u r y  i s  due t o  o s m o t i c  e f f e c t s  and n o t  
t o  h i g h  e l e c t r o l y t e  c o n c e n t r a t i o n  i t s e l f  (Meryman, 1 9 7 0 ) .
A c co rd in g  to  Meryman 's  (1970)  h y p o t h e s i s  t h e  c e l l  
i n i t i a l l y  m a i n t a i n s  o s m o t i c  e q u i l i b r i u m  by s h r i n k a g e  i n  
r e s p o n s e  to  i n c r e a s i n g  o s m o t ic  p r e s s u r e .  A f t e r  r e a c h i n g  a 
"minimum c e l l  v o lu m e" ,  t h e  i n t r a c e l l u l a r  c o n t e n t s  o f  th e  
c e l l  w i l l  c r e a t e  r e s i s t a n c e  t o  f u r t h e r  s h r i n k a g e  d i s r u p t i n g  
t h e  o s m o t i c  e q u i l i b r i u m  b e tw e e n  t h e  i n t r a -  and e x t r a c e l l u l a r  
c o m p a r tm e n ts .  Beyond a t o l e r a b l e  l i m i t  t h e  c e l l u l a r  
membrane i s  n o t  a b l e  to  r e s i s t  t h e  o s m o t i c  p r e s s u r e  g r a d i e n t
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and  becomes p e rm e a b le  to  n o r m a l l y  n o n - p e r m e a t i n g  sodium and 
p o t a s s i u m  i o n s .  These  i r r e v e r s i b l e  ch an g e s  i n  membrane
p e r m e a b i l i t y  a r e  i n c o m p a t i b l e  w i t h  c e l l u l a r  s u r v i v a l ;  t h e  
p e rm e a te d  s o l u t e s  c a u s e  e x c e s s i v e  e x p a n s i o n  upon  r e t u r n  to  
p h y s i o l o g i c a l  medium and r e s u l t  i n  t h e  l y s i s  o f  t h e  c e l l .
1 . 2 . 5 .  P r o t e c t i o n  by c r y o p r o t e c t a n t s
S m i th ,  P o lg e  & S m i le s  (1951)  w e re  t h e  f i r s t  to  o b s e r v e  
t h a t  g l y c e r o l  m o d i f i e s  t h e  s h a p e  o f  i c e  c r y s t a l s  and r e d u c e s  
t h e  f r o z e n  f r a c t i o n  o f  a s o l u t i o n ,  b u t  t h e y  d id  n o t  e x p l a i n  
t h e  mechanism o f  c r y o p r o t e c t i o n  o f  c e l l s .  S u b s e q u e n t ly  two 
d i f f e r e n t  h y p o t h e s e s  have  b e e n  p ro p o s e d  ( L o v e lo c k ,  1953b; 
Meryman, 1 9 7 0 ) .  Both o f  t h e s e  r e l y  on t h e  a b i l i t y  o f
g l y c e r o l  t o  r e d u c e  t h e  f r o z e n  f r a c t i o n  o f  a s o l u t i o n  and to  
p e r m e a t e  t h e  c e l l s .
L o v e lo c k  (1953b)  a t t r i b u t e d  t h e  c r y o p r o t e c t i v e  a c t i o n  o f  
g l y c e r o l  to  i t s  a b i l i t y  t o  r e d u c e  s a l t  c o n c e n t r a t i o n  t h r o u g h  
i n c r e a s i n g  t h e  u n f r o z e n  f r a c t i o n .  He c o n c lu d e d  t h a t  t h e  
r e d u c t i o n  o f  t h e  i n t r a c e l l u l a r  s a l t  c o n c e n t r a t i o n  was a l s o  
n e c e s s a r y  b e c a u s e  g l y c e r o l  e x e r t e d  i t s  c r y o p r o t e c t i v e  a c t i o n  
o n l y  i f  t h e  c e l l s  were  p e rm e a te d  b e f o r e  f r e e z i n g .
Meryman (1970)  p r o p o s e d  t h a t  g l y c e r o l  p r o t e c t s  t h e  c e l l s  
a g a i n s t  f r e e z i n g  i n j u r y  by r e d u c i n g  t h e  e x t e n t  o f  s h r i n k a g e  
d u r i n g  f r e e z i n g  t h r o u g h  d e c r e a s i n g  t h e  o sm o t ic  p r e s s u r e  
g r a d i e n t .  The e x t r a c e l l u l a r  o s m o t i c  p r e s s u r e  i s  lo w e re d  
due to  t h e  a b i l i t y  o f  g l y c e r o l  t o  r e d u c e  t h e  f r o z e n  f r a c t i o n
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a t  any s u b f r e e z i n g  t e m p e r a t u r e  w h i l e  g l y c e r o l  p e r m e a t i o n  
i n c r e a s e s  t h e  i n t r a c e l l u l a r  o s m o l a l i t y .  I t  h a s  been  
c o n f i r m e d  by c ry o m ic r o s c o p y  t h a t  t h e  e x t e n t  o f  s h r i n k a g e  o f  
mouse embryos i s  l e s s  when f r o z e n  i n  t h e  p r e s e n c e  o f  
p e r m e a t i n g  c r y o p r o t e c t a n t s  ( L e i b o ,  1 9 8 1 ) .
Both  o f  t h e s e  t h e o r i e s  imply t h a t  c r y o p r o t e c t a n t  
p e r m e a t i o n  i s  n e c e s s a r y  f o r  p r o t e c t i o n  d u r i n g  f r e e z i n g .  The 
c o r o l l a r y  to  t h i s  i s  t h a t  t h e  d u r a t i o n  and t e m p e r a t u r e  o f  
e q u i l i b r a t i o n ,  w hich  a f f e c t  p e r m e a t i o n ,  s h o u l d  a l s o  a f f e c t  
t h e  v i a b i l i t y  o f  f r o z e n - th a w e d  em bryos .  The s u r v i v a l  o f  1- 
c e l l  mouse embryos i n c r e a s e d  a s  a f u n c t i o n  o f  t h e  d u r a t i o n  
o f  e q u i l i b r a t i o n  i n  1 .0  M - g l y c e r o l  ( J a c k o w s k i  & L e ib o ,  
1 9 7 6 ) .  The e f f e c t  o f  c r y o p r o t e c t a n t  p e r m e a t i o n  was a l s o  
d e m o n s t r a t e d  on 8 - c e l l  mouse embryos f r o z e n  a t  c o n t r o l l e d  
r a t e s  ( L e i b o ,  Mazur & J a c k o w s k i ,  1974; Miyamoto & I s h i b a s h i ,  
1978) o r  i n  2 s t e p s  (Miyamoto & I s h i b a s h i ,  1 9 8 6 ) .  The r o l e  
o f  t h i s  f a c t o r  i n  t h e  s u r v i v a l  o f  r a p i d l y  f r o z e n  embryos i s  
t h e  s u b j e c t  o f  e x p e r i m e n t s  d e s c r i b e d  i n  C h a p te r  5 .
E x p e r im e n t s  on r a b b i t  (Bank & M au re r ,  1974; M aurer  & 
Haseman, 1976) and c a t t l e  embryos (Chupin  & P r o c u r e u r ,  1984) 
a l s o  c o n f i r m e d  t h e  need  f o r  c r y o p r o t e c t a n t  p e r m e a t i o n .  
S u r v i v a l  r a t e  o f  f r o z e n  8 - c e l l  r a b b i t  embryos i n c r e a s e d  
from 0 to  557o as  t h e  e q u i l i b r a t i o n  p e r i o d  w i t h  DMSO a t  0°C 
was e x te n d e d  from 1 t o  30 min (Bank & M au re r ,  1 9 7 4 ) .  Chupin 
& P r o c u r e u r  (1984)  s t u d i e d  t h e  e f f e c t  o f  t h e  d u r a t i o n  o f  
e q u i l i b r a t i o n  i n  1 .4  M - g l y c e r o l  a t  room t e m p e r a t u r e  on th e  
s u r v i v a l  o f  b o v i n e  b l a s t o c y s t s  f r o z e n  t o  -196°C .  The i n -
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v i t r o  s u r v i v a l  r a t e  o f  b l a s t o c y s t s  e q u i l i b r a t e d  f o r  1, 
and  30 min b e f o r e  d i r e c t  c o o l i n g  to  -7°G and s e e d i n g  
7.47o, 65.57o and 72.47o r e s p e c t i v e l y .
10
was
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1 . 3 .  S u r v i v a l  r a t e  o f  f r o z e n - t h a w e d  embryos
1 . 3 . 1 .  Embryo l o g i c a l  f a c t o r s
1 . 3 . 1 . 1 .  S p e c i e s  and s t a g e  o f  d ev e lo p m e n t
The r e l a t i o n s h i p  b e tw e e n  t h e  s u r v i v a l  o f  em bryon ic  c e l l s  
and  t h e  r a t e  o f  f r e e z i n g  and th aw in g  was f i r s t  d e m o n s t r a t e d  
w i t h  mouse embryos (W h i t t in g h a m ,  L e ibo  & Mazur,  1972; 
W ilm ut ,  1 9 7 2 ) .  Mouse embryos a r e  a v a i l a b l e  a t  a r e l a t i v e l y  
low c o s t  i n  s u f f i c i e n t  numbers and t h e  m ethods  f o r  t e s t i n g  
t h e i r  v i a b i l i t y  i n  v i t r o  a r e  w e l l  e s t a b l i s h e d .  T h e r e f o r e  
t h e y  have  b e e n  u se d  i n  l a r g e r  numbers i n  f r e e z i n g
e x p e r i m e n t s  t h a n  embryos o f  any o t h e r  s p e c i e s .  Mouse embryos 
from 1 - c e l l  t o  b l a s t o c y s t  s t a g e  c a n  s u r v i v e  f r e e z i n g  t o  
~196°C (W h i t t in g h a m ,  L e ibo  & Mazur,  1972; J a c k o w s k i  & L e ib o ,
1 9 7 7 ) .  The e f f e c t s  o f  t h e  m a t e r n a l  and p a t e r n a l  s t r a i n  on 
t h e  v i a b i l i t y  o f  f r o z e n - t h a w e d  embryos were  d e m o n s ta te d  by 
W h i t t in g h a m ,  Lyon & G l e n i s t e r  (1977b)  and by S c h im d t ,  Hansen 
& W i ld t  ( 1 9 8 5 ) .  S p e c i e s  d i f f e r e n c e s  i n  t h e  r e s p o n s e  o f  
embryos to  f r e e z i n g  became o b v io u s  when t h e  t e c h n i q u e s  
d e v e lo p e d  f o r  mouse were  a p p l i e d  to  embryos o f  farm a n im a l s  
and o t h e r  l a b o r a t o r y  s p e c i e s  (Wilmut & Rowson, 1973; Bank & 
M a u re r ,  1974; W h i t t in g h a m  & Adams, 1 9 7 4 ) .  The d i a m e t e r  o f  
mouse ova ( 7 0 -8 0  ^u) i s  s m a l l e r  t h a n  t h a t  o f  eggs  o f  l a r g e  
d o m e s t i c  a n im a l s  (135-150yu)  ( P o l g e ,  1977) o r  o f  human eggs 
(130^u)  ( B i g g e r s ,  1 9 7 7 ) .  The s i z e  o f  t h e  egg a f f e c t s  t h e
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surface area to volume ratio with consequential effects on 
osmotic response. This may explain some of the differences 
between species in the response of eggs to freezing.
Because of the relative ease of recovery sheep embryos 
were used as a model of cattle embryos until reliable non- 
surgical embryo recovery techniques became available for the 
latter. Sheep embryos played an important role in the 
development of techniques for freezing embryos of most other 
species. Sheep embryos from 1-cell to blastocyst stage are 
not sensitive to cooling itself and can be frozen 
successfully (Polge, Wilmut Sc Rowson, 1974; Willadsen et 
al. , 1976; Willadsen, 1980, 1986). The first successful
techniques for the cryopreservation of sheep embryos used 
slow freezing rates (0.3°C/min) to -65°C or below 
(Willadsen et al., 1974, 1976). Rapid thawing (360°C/min) 
was less damaging for sheep embryos frozen by these 
procedures (Willadsen et al., 1976) than for similarly 
frozen mouse embryos (Whittingham, Leibo Sc Mazur, 1972). 
Interestingly, sheep embryos frozen at 1°C/min in 1.5 M-DMSO 
survived only after rapid thawing (Willadsen et al. , 1976).
These differences between sheep and mouse embryos can be 
explained by the different surface area to volume ratio 
which affects the rate of dehydration.
Full term development of frozen-thawed cattle embryos was 
first recorded by Wilmut Sc Rowson ( 1 9  7 3 ) ,  but the success 
rate was very low; only 1/21 frozen-thawed blastocysts 
developed into a live calf. The majority of bovine Day-5
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m o ru la e  o r  y o u n g e r  embryos were  i r r e v e r s i b l y  damaged by 
c o o l i n g  to  0°C ( F o l g e ,  Wilmut & Rowson, 1974; W ilm ut ,  F o lg e  
5c Rowson, 1975; T ro u n so n ,  W i l l a d s e n  5c Rowson, 1976; T rounson 
e t  a l . ,  1 976; W i l l a d s e n  e t  a l . ,  1 9 7 6 b ) .  When 8 - c e l l  embryos 
were  c o o le d  t o  4°C t h e  s p h e r i c a l  a r r a n g e m e n t  o f  b l a s t o m e r e s  
and t h e  d i s t r i b u t i o n  o f  c e l l u l a r  o r g a n e l l e s  became i r r e g u l a r  
(Mohr 5c T ro u n so n ,  1 9 8 1 ) .  T h e r e f o r e  work on f r e e z i n g  o f  
c a t t l e  embryos c o n c e n t r a t e d  on Day-6 t o  - 7  l a t e  m o r u la e  and 
e a r l y  b l a s t o c y s t s  ( W i l l a d s e n  e t  a l .  1976b, B i l t o n  5c Moore, 
1977; W i l l a d s e n  e t  a l . 1977, 1 9 7 8 a ,b )  w h ich  r e s p o n d e d  t o
f r e e z i n g  and th a w in g  s i m i l a r l y  t o  sh e ep  em bryos .  L a t e r  s t a g e  
embryos (Day-10 t o  - 1 1 )  s u f f e r e d  e x t e n s i v e  damage d u r i n g  
f r e e z i n g  ( T e r v i t ,  E l s d e n  5 c  F a r r a n t ,  19 8 1 ) .  More r e c e n t l y  th e  
s u c c e s s f u l  f r e e z i n g  o f  1- and 2 - c e l l  c a t t l e  embryos (Day-2) 
was r e p o r t e d  by V i n c e n t  e t  a l .  ( 1 9 8 5 ) .
P ig  embryos a t  s t a g e s  from 1 - c e l l  t o  l a t e  b l a s t o c y s t  a r e  
i r r e v e r s i b l y  damaged by c o o l i n g  t o  0°C (Wilmut,  1 9 7 2 b ) .  
P o l g e ,  Wilmut 5c Rowson (1974)  found  t h a t  t h e  embryos w ere  
k i l l e d  b e tw e e e n  10 and 15°C i r r e s p e c t i v e  o f  t h e  r a t e  o f  
c o o l i n g  ( 0 . 2  o r  1 0 ° C /m in ) .  W i l l a d s e n  (1980)  r e p o r t e d  t h a t  
expanded b l a s t o c y s t s  showed some s i g n s  o f  s u r v i v a l ;  t h e y  
h a t c h e d  d u r i n g  i n - v i t r o  c u l t u r e ,  b u t  w e re  n o t  v i a b l e  a f t e r  
t r a n s f e r  i n t o  r e c i p i e n t s .  E l e c t r o n  m i c r o s c o p i c  s t u d i e s  
s u g g e s t e d  t h a t  t h e  c o o l i n g  damage i s  c a u s e d  by l i p i d  p h a se  
c h an g es  i n  t h e  c e l l  membrane (F o lg e  & W i l l a d s e n ,  1 9 7 8 ) .
1 . 3 . 1 . 2 .  S u p e r o v u l a t o r y  t r e a t m e n t
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The d e v e l o p m e n t a l  p o t e n t i a l  o f  f r e s h l y  t r a n s f e r r e d  Day-4 
mouse embryos from s u p e r o v u l a t e d  and u n t r e a t e d  d o n o rs  i s  
s i m i l a r  ( G a te s ,  1 9 5 6 ) .  However, f ew er  l i v e  young w ere  
o b t a i n e d  a f t e r  t r a n s f e r  o f  c r y o p r e s e r v e d  embryos from 
s u p e r o v u l a t e d  compared t o  n a t u r a l l y  o v u l a t i n g  d o n o r s .  
U l t r a s t r u c t u r a l  s t u d i e s  r e v e a l e d  t h a t  b l a s t o c y s t s  from 
s u p e r o v u l a t e d  d o n o r s  c o n t a i n  l e s s  m i c r o v i l l i  and more b a r e  
a r e a s  t h a n  t h o s e  from n a t u r a l  o v u l a t i o n  (M obraa ten  e t  a l . , 
1 9 7 5 ) .  T h e re  i s  some i n d i c a t i o n  t h a t  r a b b i t  embryos from 
s u p e r o v u l a t e d  d o n o r s  h a v e  lo w e r  v i a b i l i t y  a f t e r  f r e e z i n g  
t h a n  t h o s e  from n o n - s u p e r o v u l a t e d  d o n o r s  ( R e n a r d , 1979 c i t e d  
by Smorag, K a t sk a  & W ie rzb o w sk i ,  1 9 8 1 ) .
1 . 3 . 1 . 3 .  S t o r a g e  b e f o r e  f r e e z i n g
The s t o r a g e  p e r i o d  b e tw e e n  r e c o v e r y  o f  embryos from 
d o n o r s  and  f r e e z i n g  s h o u l d  b e  a s  s h o r t  a s  p r a c t i c a b l e .  
U n f ro z e n  mouse embryos h e l d  i n  p h o s p h a t e  b u f f e r e d  s a l i n e  f o r  
2 h o r  l o n g e r  showed a d e l a y  i n  t h e i r  d ev e lo p m e n t  and h ad  
r e d u c e d  d e v e l o p m e n t a l  p o t e n t i a l  (L e ib o  & Mazur,  1 9 7 8 ) .  
Smorag, K a tsk a  & W ie rzb o w sk i  (1981) o b t a i n e d  s l i g h t l y  lo w e r  
s u r v i v a l  when t h e  d u r a t i o n  o f  p r e f r e e z e  s t o r a g e  o f  mouse 
embryos a t  room t e m p e r a t u r e  was 5 h (41.6%) compared t o  30 
min (5 0 .5 % ) .
W i l l a d s e n  (1977)  found  t h a t  t h e  v i a b i l i t y  o f  sh eep  
embryos was l i t t l e  a f f e c t e d  by s t o r a g e  f o r  7 h a t  20°C .
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L ik e w is e  t h e  i n  v i t r o  v i a b i l t y  o f  cow embryos seems to  be 
u n a f f e c t e d  by 24 h s t o r a g e  a t  room t e m p e r a t u r e  ( W i l l a d s e n ,  
P o lg e  & Rowson, 1 9 7 8 ) .  However, s i m i l a r  t r e a t m e n t  r e s u l t e d  
i n  d e c r e a s e d  v i a b i l i t y  when t h e  embryos w ere  s u b s e q u e n t l y  
f r o z e n  (W i l l a d s e n ,  1 9 8 0 ) .  T h e re  i s  e v id e n c e  t h a t  i n  v i t r o  
c u l t u r e  a t  37°C i s  more d e t r i m e n t a l  t o  embryos t h a n  s t o r a g e  
a t  room t e m p e r a t u r e .  When cow embryos were  h e l d  a t  room 
t e m p e r a t u r e  f o r  24 h and t h e n  c u l t u r e d  f o r  a n o t h e r  24 h a t  
37°C, t h e i r  o v e r a l l  m orpho logy  was b e t t e r  t h a n  t h o s e  
c u l t u r e d  f o r  48 h ( W i l l a d s e n ,  P o lg e  Sc Rowson, 1 9 7 8 ) .  The 
e f f e c t  o f  s t o r a g e  a t  room t e m p e r a t u r e  i s  d e p e n d e n t  on th e  
age  o f  t h e  em b ry o s .  Bench s t o r a g e  o f  Day-3 c a t t l e  eggs i n  
medium M199 i m p a i r e d  t h e i r  d e v e lo p m en t  i n  r a b b i t  o v i d u c t s ,  
b u t  Day-5 embryos w ere  more r e s i s t a n t  (T ro u n so n  e t  a l . , 
1 9 7 6 ) .  S e v e r a l  f u r t h e r  r e p o r t s  c o n f i r m e d  t h a t  t h e  i n t e r v a l  
b e tw ee n  c o l l e c t i o n  and f r e e z i n g  o f  embryos s h o u l d  be  
m in im a l .  T r a n s f e r  o f  c a t t l e  embryos f r o z e n  12 h a f t e r  
c o l l e c t i o n  r e s u l t e d  i n  s i g n i f i c a n t l y  lo w e r  p re g n a n c y  r a t e  
(22.87o) t h a n  t h e  t r a n s f e r  o f  t h o s e  f r o z e n  w i t h i n  4 h o f  
c o l l e c t i o n  ( 3 7 . 4  %) (W r ig h t ,  1 9 8 5 ) .  P e t i t  (1985)  r e p o r t e d  
t h a t  p r e f r e e z e  c u l t u r e  o f  b o v i n e  embryos f o r  more t h a n  3 h 
r e d u c e d  t h e  p r e g n a n c y  r a t e .
To a v o id  t h e  u n f a v o u r a b l e  e f f e c t s  o f  p r e f r e e z e  s t o r a g e  
L eibo  5c Mazur (1978)  s u g g e s t e d  t h a t  s t o r a g e  o f  mouse embryos 
a t  0°C r a t h e r  t h a n  a t  room t e m p e r a t u r e  i f  t h e  c o l l e c t i o n  
p e r i o d  e x c e e d s  30 m in u t e s  . Day-4 mouse embryos c a n  be  
s t o r e d  b e f o r e  f r e e z i n g  f o r  a t  l e a s t  24 h a t  4°C w i t h o u t
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a d v e r s e  e f f e c t s  on t h e i r  p o s t - t h a w  s u r v i v a l  ( B i e l a n s k i  e t  
a l . ,  1 9 8 6 ) .  S i m i l a r l y  8 - c e l l  g o a t  embryos can  a l s o  be  s t o r e d  
f o r  1-2 days  a t  4°C (Quinn e t  a l . , 1 9 8 2 ) .
1 . 3 . 2 .  C o m p o s i t io n  o f  f r e e z i n g  medium
Embryos a r e  f r o z e n  i n  m ed ia  u se d  f o r  t h e  m a i n t e n a n c e  o f  
em bryon ic  v i a b i l i t y  d u r i n g  c o l l e c t i o n  and t r a n s f e r  o r  f o r  
c u l t u r e  o f  em bryos .  Most f r e e z i n g  m edia  a r e  s im p le  
p h y s i o l o g i c a l  s a l t  s o l u t i o n s  b u f f e r e d  w i t h  p h o s p h a t e  o r  
Hepes .  The medium g e n e r a l l y  u se d  f o r  c o l l e c t i o n ,  s h o r t  t e rm  
s t o r a g e  and f r e e z i n g  o f  embryos i s  D u l b e c c o ' s  p h o s p h a t e  
b u f f e r e d  s a l i n e  (D u lb ecco  & Vogt ,  1954) which  i s  o f t e n  
e n r i c h e d  w i t h  g l u c o s e ,  p y r u v a t e  and b o v i n e  serum a lbum in  
(BSA) (W h i t t in g h a m ,  1 9 7 1 ) .  O t h e r  m edia  u se d  f o r  embryo 
f r e e z i n g  i n c l u d e  Hams-F10 ( B o n d i o l i  e t  a l .  1 9 8 4 ) ,  M-2
( G l e n i s t e r ,  W h i t t in g h a m  & Lyon, 1 9 8 4 ) ,  H e p e s - b u f f e r e d  
s y n t h e t i c  o v i d u c t  f l u i d  (SOF) (Quinn e t  a l . , 1982) and
M en en zo 's  B2 (Chemineau e t  a l . ,  1 9 8 6 ) .  Serum o r  BSA i s  u se d  
a s  a s o u r c e  o f  p r o t e i n .  B o n d i o l i  & M e r te s  (1985) s t u d i e d  th e  
e f f e c t  o f  t h e  i o n i c  c o m p o s i t i o n  o f  t h e  f r e e z i n g  medium and 
r e p o r t e d  t h a t  r e d u c e d  c o n c e n t r a t i o n  o f  Ca io n s  i n  t h e
f r e e z i n g  medium w hich  was p r e p a r e d  i n  H a n k 's  b a l a n c e d
s o l u t i o n  r e s u l t e d  i n  lo w e r  p o s t - t h a w  v i a b i l i t y  o f  b o v in e  
e m b ry o s .
1 . 3 . 2 . 1 .  O s m o l a l i t y
56
O p t im a l  d e v e lo p m e n t  o f  1 - c e l l  mouse embryos r e q u i r e d  an 
o s m o l a l i t y  o f  0 . 2 5 0 - 0 . 2 8 0  o sm o l /k g  ( W h i t t e n ,  1971) which  i s  
lo w e r  t h a n  t h e  o s m o l a l i t y  o f  b l o o d  serum ( a b o u t  0 .308  
o s m o l / k g ) .  Smorag, K a t sk a  Sc W ierzbow sk i  (1981)  r e p o r t e d  t h a t  
an  i n c r e a s e  i n  t h e  s a l t  c o n c e n t r a t i o n  o f  D u l b e c c o ' s  PBS by 
10 t o  7 0% im proved  t h e  s u r v i v a l  o f  f r o z e n  mouse em bryos .  
Mass i p  Sc van d e r  Zwalmen (19 82, 19 84) u s e d  s u c r o s e  to
i n c r e a s e  t h e  o s m o l a l i t y  o f  t h e  f r e e z i n g  medium d u r i n g  
c o n t r o l l e d  r a t e  f r e e z i n g .  Rapid  f r e e z i n g  t e c h n i q u e s  r e l y  on 
d e h y d r a t i o n  by i n c r e a s i n g  t h e  o s m o l a l i t y  o f  n o n - p e r m e a t in g  
s o l u t e s  i n  t h e  f r e e z i n g  medium. A d e t a i l e d  a c c o u n t  o f  t h e s e  
p r o c e d u r e s  i s  g i v e n  i n  C h a p te r s  3, 4 ,  5 and 6 .
1 . 3 . 2 . 2 .  pH
V a r i a t i o n  from 6 . 0  t o  8 . 4  i n  t h e  pH o f  t h e  medium to  
w h ich  mouse embryos were  exp o sed  f o r  3 0 min p r i o r  to  
f r e e z i n g ,  had no e f f e c t  on t h e  p o s t - t h a w  d e v e lo p m e n t  i n  
v i t r o  ( P r a t h e r  & S p i r e ,  1 9 8 4 ) .  G e n e r a l l y  m edia  w i t h  a pH o f  
7 . 1 - 7 . 2  a r e  u s e d  f o r  b o t h  embryo t r a n s f e r  and f r e e z i n g .
1 . 3 . 2 . 3 .  P r o t e i n  s u p p l e m e n t s
Serum o r  some o t h e r  s o u r c e  o f  p r o t e i n  i s  u s u a l l y  i n c l u d e d  
i n  t h e  f r e e z i n g  medium. The c r y o p r o t e c t i v e  a c t i o n  o f  serum 
f o r  a n i m a l  c e l l s  h a s  b e e n  d e m o n s t r a t e d  by s e v e r a l  w o r k e r s .  
Human ly m p h o c y te s  s u r v i v e d  f r e e z i n g  i n  serum a l o n e  ( K n ig h t ,
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F a r r a n t  & McGann, 1 9 7 7 ) .  S u p p l e m e n t a t i o n  w i t h  serum 
i n c r e a s e d  from 0.1 t o  5% t h e  s u r v i v a l  o f  a  v a r i e t y  o f  c e l l  
t y p e s  (human c a n c e r  c e l l s ,  mouse o r  human l y m p h o c y t e s , 
mouse bone  marrow c e l l s )  f r o z e n  i n  m ed ia  c o n t a i n i n g  no  DMSO 
o r  g l y c e r o l  (A shw ood-Sm ith , 1 9 7 7 ) .
B o n d i o l i  e t  a l .  (1984)  found no s i g n i f i c a n t  d i f f e r e n c e s  
i n  t h e  i n - v i t r o  s u r v i v a l  o f  Day-7 b o v i n e  embryos f r o z e n  i n  
Hams F-10 medium s u p p le m e n te d  w i t h  207« new b o m  c a l f  serum 
(NBCS) o r  w i t h  0.57o BSA. However,  L e ibo  (1985) r e p o r t e d  t h a t  
h i g h e r  p re g n a n c y  r a t e  r e s u l t e d  from c a t t l e  embryos f r o z e n  i n  
m edia  p r e p a r e d  w i t h  BSA (60%; 5 4 /9 0 )  compared to  NBCS 287,
( 2 1 /7 6 )  u s i n g  i n - s t r a w  s u c r o s e  d i l u t i o n .
1 . 3 . 2 . 4 .  C r y o p r o t e c t a n t s
1 . 3 . 2 . 4 . 1 .  Type o f  c r y o p r o t e c t a n t
Mammalian embryos do n o t  s u r v i v e  f r e e z i n g  w i t h o u t  
p e r m e a t i n g  c r y o p r o t e c t a n t s .  N o n -p e rm e a t in g  c r y o p r o t e c t a n t s  
l i k e  s u c r o s e  do n o t  p r o t e c t  embryos d u r i n g  c o n t r o l l e d  r a t e  
f r e e z i n g  (W ilmut ,  1972a ,  b; Wilmut & Rowson, 1 9 7 3 ) ,  b u t  can 
p r o v i d e  p r o t e c t i o n  a g a i n s t  i n t r a c e l l u l a r  i c e  f o r m a t i o n  
t h r o u g h  d e h y d r a t i o n  (Nguyen, Renard  Sc G a m i e r ,  1 9 8 3 ) .
The f i r s t  r e p o r t  on t h e  s u c c e s s f u l  f r e e z i n g  o f  mouse 
embryos showed t h a t  1 .0  M-DMSO p r o v i d e d  two t im e s  h i g h e r  
p o s t - t h a w  s u r v i v a l  t h a n  t h e  same m o la r  c o n c e n t r a t i o n  o f  
g l y c e r o l  ( W h i t t in g h a m ,  L e ib o  Sc Mazur,  1 9 7 2 ) .  Miyamoto Sc
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I s h i b a s h i  (1978) r e p o r t e d  t h a t  s e v e r a l  g l y c o l s  i n c l u d i n g  
e t h y l e n e  g l y c o l  and p r o p y l e n e  g l y c o l  (1 ,  2 - p r o p a n e d i o l )  
p r o t e c t  mouse embryos a g a i n s t  f r e e z i n g  damage. More r e c e n t  
work on  mouse embryos c o n f i r m e d  t h e  s u p e r i o r i t y  o f  DMSO to  
g l y c e r o l  and  a l s o  to  e t h y l e n e  g l y c o l  (Takeda & E l s d e n ,  
1 9 8 2 ) .
I n  t h e  e a r l y  work on f r e e z i n g  sh eep  ( W i l l a d s e n  e t  a l . ,  
1976) and cow (Wilmut & Rowson 1974; W i l l a d s e n  e t  a l . ,  1976) 
embryos DMSO was u s e d  a s  c r y o p r o t e c t a n t . T e r v i t  & Goold 
(1984) compared t h e  e f f e c t i v e n e s s  o f  DMSO, e t h y l e n e  g l y c o l  
and g l y c e r o l  f o r  t h e  f r e e z i n g  o f  l a t e  m o ru la  to  b l a s t o c y s t  
s t a g e  sh e e p  embryos and o b t a i n e d  s l i g h t l y  b e t t e r  
d e v e lo p m e n t  i n  v i v o  u s i n g  DMSO o r  e t h y l e n e  g l y c o l  compared 
t o  g l y c e r o l .
Moore & B i l t o n  (1977)  r e p o r t e d  t h a t  1 .0  M - g l y c e r o l  and 
1 .5  M-DMSO were  e q u a l l y  e f f e c t i v e  i n  p r o t e c t i n g  c a t t l e  
em bryos .  L a t e r  W i l l a d s e n  (1980)  s u g g e s t e d  t h e  u s e  o f  1 .4  M- 
g l y c e r o l  r a t h e r  t h a n  1 .5  M-DMSO f o r  f r e e z i n g  embryos o f  
l a r g e  d o m e s t i c  a n i m a l s .  F o r  Day-8 b o v i n e  embryos 1, 2 -
p r o p a n e d i o l  gave  c o m p a ra b le  e f f i c i e n c y  t o  DMSO (R en ard ,  
Heyman & O z i l ,  1 9 8 1 ) .  No d i f f e r e n c e s  have  b e e n  found  am ongs t  
t h e  s u r v i v a l  r a t e s  o f  c a t t l e  b l a s t o c y s t s  f r o z e n  i n  1 .5  M- 
e t h y l e n e  g l y c o l ,  0 .6 2 5  M-DMSO + 0 .6 2 5  M - g l y c e r o l  o r  1 .3 3  M- 
g l y c e r o l  ( E l s d e n  e t  a l . , 1 9 8 2 ) .  I n  o t h e r  e x p e r im e n t s
g l y c e r o l  was r e p o r t e d  to  h av e  h i g h e r  (Bouyssou  & Chupin ,  
1982) o r  e q u a l  e f f e c t i v e n e s s  a s  DMSO ( F ra n k s  e t  a l . , 1 9 8 6 ) .
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1 . 3 . 2 . 4 . 2 .  C o n c e n t r a t i o n  o f  c r y o p r o t e c t a n t
Using  mouse embryos W h i t t in g h am  (1981)  s t u d i e d  t h e  
i n t e r a c t i o n s  b e tw e e n  t h e  c o n c e n t r a t i o n  o f  DMSO and th e  
t e m p e r a t u r e  a t  w hich  s low  r a t e  f r e e z i n g  was t e r m i n a t e d  by 
t r a n s f e r  i n t o  l i q u i d  n i t r o g e n  ( t r a n s f e r  t e m p e r a t u r e ) .  With 
i n c r e a s i n g  DMSO c o n c e n t r a t i o n  t h e  s u r v i v a l  o f  8 - c e l l  embryos 
i n c r e a s e d  and showed l e s s  v a r i a t i o n  amongst  d i f f e r e n t  
t r a n s f e r  t e m p e r a t u r e s .  The o p t i m a l  t r a n s f e r  t e m p e r a t u r e  was 
-30°C f o r  embryos f r o z e n  i n  1 .0  M-DMSO and -40°C f o r  t h o s e  
f r o z e n  i n  1 .5  o r  2 . 0  M-DMSO. S c h n e i d e r  & M aurer  (1983) 
r e p o r t e d  t h a t  when s low  r a t e  f r e e z i n g  was c o n t i n u e d  to  o r  
be low  -60°C t h e  opt imum DMSO c o n c e n t r a t i o n  was 0 .9 4  and 1 .5 4  
M f o r  8 - c e l l  and b l a s t o c y s t  s t a g e  mouse embryos
r e s p e c t i v e l y .  W i l l a d s e n  e t  a l .  (1976)  and W i l l a d s e n  (1977) 
s t u d i e d  t h e  e f f e c t  o f  DMSO c o n c e n t r a t i o n  on t h e  v i a b i l i t y  o f  
m o ru la  t o  b l a s t o c y s t  s t a g e  sheep  embryos and found  t h a t  
a h i g h e r  p r o p o r t i o n  o f  sh e e p  embryos s u r v i v e d  f r e e z i n g  i n  1.5 
M t h a n  i n  1 .0  M-DMSO.
L eibo  & Mazur (1974b) r e p o r t e d  t h a t  0 .5  M - g l y c e r o l  
p r o v i d e d  a lm o s t  t h e  same p r o t e c t i o n  f o r  s l o w ly  f r o z e n  8 - c e l l  
mouse embryos a s  1 . 0 ,  2 . 0  o r  4 . 0  M - g l y c e r o l .  B i e l a n s k i  e t
a l .  (1984) i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  b e tw ee n  g l y c e r o l  
c o n c e n t r a t i o n  ( 1 . 0  o r  1 .5  M) and t r a n s f e r  t e m p e r a t u r e  ( - 2 5 ,  
-30 o r  - 3 5 ° C ) .  T h e re  were  no d i f f e r e n c e s  i n  t h e  i n - v i t r o  
s u r v i v a l  r a t e  o f  mouse embryos ,  b u t  b o v i n e  embryos s u r v i v e d  
g e n e r a l l y  b e t t e r  i n  t h e  p r e s e n c e  o f  1 .5  M- g l y c e r o l ,  t h e
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o p t i m a l  t r e a t m e n t  c o m b i n a t i o n  b e i n g  1 .5  M - g l y c e r o l  and -35°C 
t r a n s f e r  t e m p e r a t u r e .
1 . 3 . 3 .  F r e e z i n g  and th aw in g  p r o c e d u r e s
1 . 3 . 3 . 1 .  C o n t r o l l e d  r a t e  f r e e z i n g
The s u c c e s s  o f  t h e  f i r s t  m ethods  f o r  f r e e z i n g  mouse 
embryos depended  on t h e  u s e  o f  s p e c i f i c  c o o l i n g -  and warming 
r a t e s .  When b a s i c a l l y  t h e  same c o o l i n g  p r o t o c o l  was u s e d  
f o r  f r e e z i n g  c a t t l e  embryos o n ly  1/21 d e v e lo p e d  to  t e r m  
(Wilmut & Rowson, 1 9 7 3 ) .  T h e r e f o r e  r e s e a r c h  e f f o r t  
c o n c e n t r a t e d  on t h e  d e f i n i t i o n  o f  c o o l i n g  p r o c e d u r e s  which 
b e t t e r  f u l f i l l  t h e  r e q u i r e m e n t s  f o r  f r e e z i n g  embryos o f  farm  
a n i m a l s  and  e a c h  e l e m e n t  o f  t h e  c o o l i n g  p r o c e s s  h a s  been  
c a r e f u l l y  s c r u t i n i z e d .
1 . 3 . 3 . 1 . 1 .  S e e d in g
Mouse embryos a t  s t a g e s  from 1 - c e l l  t o  b l a s t o c y s t  and 
sh e e p  and c a t t l e  embryos from l a t e  m o r u la  to  b l a s t o c y s t  can 
b e  c o o le d  d i r e c t l y  t o  t e m p e r a t u r e s  a ro u n d  t h e  f r e e z i n g  p o i n t  
o f  t h e  medium ( W h i t t in h a m ,  Leibo  St Mazur,  19 72; W ilm ut ,
1 972;  W i l l a d s e n ,  1 977; S c h n e i d e r  St Mazur ,  1 9 8 4 ) .
Below t h e  f r e e z i n g  p o i n t ,  even  i f  c o o l e d  a t  t h e  
t h e o r e t i c a l l y  o p t im a l  r a t e ,  v e r y  few i f  any embryos w i l l  
s u r v i v e  u n l e s s  i c e  f o r m a t i o n  i s  i n d u c e d  i n  t h e  medium
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s l i g h t l y  b e lo w  i t s  f r e e z i n g  p o i n t .  The i n d u c t i o n  o f  i c e  
f o r m a t i o n  i s  r e f e r r e d  t o  a s  s e e d i n g .  The n e c e s s i t y  f o r  
s e e d i n g  c an  be  e x p l a i n e d  by t h e  sudden  t e m p e r a t u r e  changes 
w h ich  o c c u r  d u r i n g  and a f t e r  s p o n t a n e o u s  i c e  f o r m a t i o n .  
When a s o l u t i o n  i s  c o o l e d  a t  t h e  optimum r a t e ,  i t  w i l l  
s u p e r c o o l  t o  w e l l  be low  i t s  f r e e z i n g  p o i n t  u n t i l  i c e  
f o r m a t io n  o c c u r s  s p o n t a n e o u s l y .  The f r e e z i n g  p o i n t  o f  1.5 
M-DMSO p r e p a r e d  i n  p h y s i o l o g i c a l  s a l i n e  i s  a b o u t  - 3 .5 ° C  
(L e ib o  Sc Mazur,  1 9 7 8 ) ,  n e v e r t h e l e s s  t h e  same m o la r
c o n c e n t r a t i o n  o f  DMSO p r e p a r e d  i n  p h o s p h a t e  b u f f e r e d  s a l i n e  
r e a d i l y  s u p e r c o o l s  t o  a b o u t  -20°C ( W i l l a d s e n ,  1 9 7 7 ) .  The 
s p o n t a n e o u s  i c e  f o r m a t i o n  r e l e a s e s  t h e  l a t e n t  h e a t  o f  
f u s i o n ,  which  warms up t h e  s o l u t i o n  t o  a b o u t  i t s  f r e e z i n g  
p o i n t .  The s o l u t i o n  r e m a in s  a t  t h i s  t e m p e r a t u r e  u n t i l  i c e  
f o r m a t i o n  i s  c o m p l e t e  and t h e n  s u d d e n l y  c o o l s  down to  th e  
t e m p e r a t u r e  o f  t h e  f r e e z i n g  cham ber ,  which  had b e e n  
d e c r e a s i n g  c o n t i n o u s l y .  S p o n ta n e o u s  i c e  f o r m a t i o n  o c c u r s  a t  
v a r i a b l e  t e m p e r a t u r e s .  The o s m o t ic  r e s p o n s e  o f  t h e  c e l l s  to  
f r e e z i n g  s t a r t s  o n l y  a f t e r  i c e  c r y s t a l l i z a t i o n  h a s  o c c u r e d .  
T h e r e f o r e ,  t h e  l a t e r  ( i . e .  a t  lo w e r  t e m p e r a t u r e )  t h e  i c e  
f o r m a t io n  o c c u r s ,  t h e  l e s s  t i m e  i s  a v a i l a b l e  f o r  d e h y d r a t i o n  
o f  t h e  c e l l s .  The r e s u l t i n g  h i g h  i n t r a c e l l u l a r  w a t e r  c o n t e n t  
c a u s e s  i n t r a c e l l u l a r  i c e  f o r m a t i o n .
The h a r m f u l  e f f e c t s  o f  t h e s e  t h e r m a l  c h an g e s  h av e  b e e n  
e x p e r i m e n t a l l y  d e m o n s t r a t e d  w i t h  mouse (W h i t t in g h a m ,  1977; 
Miyamoto 5c I s h i b a s h i ,  1981) and sh eep  (Moore 5c B i l t o n ,  1977; 
W i l l a d s e n ,  1977) em bryos .  To a v o id  t h i s  p ro b le m ,  i c e
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n u c l e a t i o n  must  b e  i n d u c e d .  S e e d in g  i s  done a t  a 
t e m p e r a t u r e  s l i g h t l y  * be low  t h e  f r e e z i n g  p o i n t  o f  t h e  
s o l u t i o n  by t o u c h i n g  t h e  sam ple  c o n t a i n e r  w i t h  p r e c o o l e d  
f o r c e p s .  H o ld in g  t h e  s a m p le s  f o r  5 -1 0  m in  a t  t h e  s e e d i n g  
t e m p e r a t u r e  p r i o r  to  s e e d i n g  e n s u r e s  t h e r m a l  e q u i l i b r i u m  
b e tw e e n  t h e  sam p le s  and t h e  f r e e z i n g  cham ber .  S c h n e i d e r  & 
Mazur (1984) s u g g e s t e d  s e e d i n g  a t  a b o u t  -5°C when th e  
f r e e z i n g  medium c o n t a i n s  1 .0  M and a b o u t  -7°C when i t  i s  
c o n t a i n s  1 .5  M - g l y c e r o l .
1 . 3 . 3 . 1 . 2 .  R a t e  o f  f r e e z i n g
The s u r v i v a l  r a t e  o f  f r o z e n  c e l l s  a s  a f u n c t i o n  o f  
f r e e z i n g  r a t e  f o l l o w s  an  U sh a p e d  c u r v e ;  few c e l l s  s u r v i v e  
i f  c o o l e d  a t  v e r y  low o r  v e r y  h i g h  r a t e s .  Mazur (1970) 
e x p l a i n e d  t h i s  U sh a p ed  c u r v e  o f  s u r v i v a l  by p r o p o s i n g  two 
c a u s e s  o f  c e l l u l a r  d e a t h ,  s o l u t i o n  e f f e c t s  and 
i n t r a c e l l u l a r  i c e  f o r m a t i o n  which  p r e v a i l  a t  v e r y  low and 
v e r y  h i g h  c o o l i n g  r a t e s  r e s p e c t i v e l y .
At s u p r a o p t i m a l  f r e e z i n g  r a t e s  t h e  c e l l s  a r e  u n a b l e  to  
m a i n t a i n  o s m o t i c  e q u i l i b r i u m  w i t h  t h e  u n f r o z e n  f r a c t i o n  o f  
t h e  medium and i c e  forms w i t h i n  t h e  c e l l s .  The p r o b a b i l i t y  
o f  i n t r a c e l l u l a r  i c e  f o r m a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  
c o o l i n g  r a t e s .  S u b o p t im a l  f r e e z i n g  r a t e s  a l l o w  s u f f i c i e n t  
t im e  f o r  d e h y d r a t i o n ,  b u t  p r o l o n g e d  e x p o s u r e  to  s o l u t i o n  
e f f e c t s  c a u s e s  c e l l u l a r  damage. At optimum c o o l i n g  r a t e s ,  
t h e  d e g r e e  o f  d e h y d r a t i o n  p r e v e n t s  i n t r a c e l l u l a r  i c e
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formation, but solution effects still do not prevail. The 
two causes of cellular death always occur simultaneously, 
however, at optimal cooling rates the effect of both of 
these factors is relatively small.
The first successful techniques for freezing mouse 
embryos used slow freezing and slow thawing rates. Leibo, 
Mazur & Jackowski (1974) studied the critical temperature 
ranges over which slow cooling rates have to be maintained 
for 8-cell mouse embryos. They found that embryos required 
slow cooling to -50°C or below for optimal results when 
their viability was tested after slow thawing (3°C/min). 
For embryos slowly cooled to -90°C, slow warming rate was 
necessary from -70°C to -20°C or above.
Bovine embryos were successfully frozen when slow cooling 
rates were maintained from the seeding temmperature to -50 
or -60°C and slow thawing rates from -50 to -10°C or above 
(Bilton & Moore, 1 977; Willadsen, Polge 6c Rowson, 1978).
Willadsen (1977) demonstrated that sheep embryos can 
survive rapid thawing if slow rate (0.3°C/min) freezing is 
terminated between -30 and -54°C. Rapid thawing was also 
optimal for sheep embryos cooled at 1 C°/min rate to -120°C. 
Embryos survived both rapid and slow warming when cooling at 
-0.3°C/min rate proceeded to -65°C. Slow thawing was 
necessary for embryos frozen at 0.1°C/min rate between -30 
and -60°C. Similar relationships between the method of 
cooling and warming were found in mouse (Whittingham et al., 
1979) and cattle (Bilton, 1980) embryos.
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These  f i n d i n g s  l e d  to  t h e  d e v e lo p m e n t  o f  f a s t  f r e e z i n g  
p r o c e d u r e s  i n  which  s low  c o o l i n g  i s  t e r m i n a t e d  b e tw ee n  -30 
and -40°C by p l u n g i n g  i n t o  l i q u i d  n i t r o g e n  and t h e  embryos 
a r e  thawed r a p i d l y .  T h i s  p r o c e d u r e  h a s  b e e n  s u c c e s s f u l l y  
a p p l i e d  to  s e v e r a l  s p e c i e s  i n c l u d i n g  sheep  ( W i l l a d s e n ,  1977; 
W i l l a d s e n ,  P o lg e  & Rowson, 1 9 7 8 b ) ,  c a t t l e  ( W i l l a d s e n ,  Po lge  
& Rowson, 1 9 7 8 b ) ,  mouse (W h i t t in g h a m  e t  a l . ,  1 9 7 9 ) ,  r a t  
(Wood St W h i t t in g h a m ,  19 81; K a s a i ,  Niwa & I r i t a n i ,  19 8 2 ) ,  
h a m s t e r  (Q u inn ,  B a r r o s  & W h i t t in g h a m ,  1982) and human 
(T ro u n so n  & Mohr, 1 9 8 3 ) .
1 . 3 . 3 . 1 . 3 .  I n t e r a c t i o n  b e tw e e n  t h e  f r e e z i n g  and th aw in g  r a t e
D ur ing  warming a s  t h e  i c e  m e l t s ,  t h e  s o l u t e  c o n c e n t r a t i o n  
i n  t h e  u n f r o z e n  f r a c t i o n  d e c r e a s e s .  To m a i n t a i n  o sm o t ic  
e q u i l i b r i u m  w a t e r  e n t e r s  t h e  c e l l s .  At s u p r a o p t i m a l  thaw ing  
r a t e s  t h e  o s m o l a l i t y  i n  t h e  u n f r o z e n  f r a c t i o n  o f  th e  
e x t r a c e l l u l a r  medium d e c r e a s e s  more q u i c k l y  t h a n  i t  c a n  be  
co m p e n sa te d  by t h e  r a t e  o f  w a t e r  i n f l u x  and t h e  d i s r u p t i o n  
o f  t h e  o s m o t ic  e q u i l i b r i u m  b e tw e e n  t h e  c e l l  and i t s  
s u r r o u n d i n g s  w i l l  damage t h e  embryo. When t h e  r a t e  o f  
warming i s  s u b o p t i m a l  i c e  forms i n t r a c e l l u l a r l y  and damages 
t h e  c e l l  membrane.
The o p t i m a l  th a w in g  r a t e  depends  on t h e  d e g r e e  o f  
d e h y d r a t i o n  o f  t h e  c e l l s  w hich  i s  a f u n c t i o n  o f  t h e  method 
o f  f r e e z i n g .  Slow f r e e z i n g  t o  o r  b e lo w  -60°C i n  mouse 
embryos l e a d s  to  e x t e n s i v e  d e h y d r a t i o n .  D ur ing  r a p i d  th aw in g
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t h e  sudden  m e l t i n g  o f  e x t r a c e l l u l a r  i c e  c a u s e s  an  a b r u p t  
d e c r e a s e  i n  t h e  e x t r a c e l l u l a r  o s m o l a r i t y .  Osmotic  p r e s s u r e  
d i f f e r e n c e  d e v e l o p s  b e c a u s e  t h e  embryos c a n n o t  r e h y d r a t e  
r a p i d l y  enough w h i l e  s t i l l  a t  s u b z e r o  t e m p e r a t u r e s .  The 
r e s u l t i n g  o s m o t i c  sh o c k  damages t h e  c e l l  membrane and 
t h e r e b y  k i l l s  t h e  em bryos .  E x t e n s i v e  d e h y d r a t i o n  d u r i n g  
f r e e z i n g  n e c e s s i t a t e s  s low  warming r a t e s  which a l l o w  enough 
t im e  f o r  t h e  m a i n t e n a n c e  o f  o s m o t ic  e q u i l i b r i u m  by r e ­
h y d r a t i o n  ( L e ib o ,  19 8 1 ) .
I f  s low r a t e  f r e e z i n g  i s  t e r m i n a t e d  b e tw e e n  - 3 0  to  -40°C 
o r  r e l a t i v e l y  h i g h  f r e e z i n g  r a t e s  a r e  u s e d  t h e  embryos w i l l  
b e  d e h y d r a t e d  t o  a  l e s s e r  e x t e n t .  C o n s e q u e n t ly  i n  t h e s e  
embryos s low  th a w in g  to  o r  above - 6 0 °C c a u s e s  i n t r a c e l l u l a r  
i c e  f o r m a t i o n  ( R a i l ,  Reid  & F a r r a n t ,  1 980) ,  w h i l e  r a p i d  
t h a w in g  a l l o w s  no t im e  f o r  i c e  f o r m a t i o n  and g i v e s  o p t i m a l  
s u r v i v a l .
C e l l s ,  i n  w h ich  a s t i l l  t o l e r a b l e  amount o f  i c e  formed 
d u r i n g  f r e e z i n g  a t  s u p r a o p t i m a l  r a t e s ,  b e h a v e  s i m i l a r l y .  
The g ro w th  o f  i n t r a c e l l u l a r  i c e  by r e c r y s t a l l i z a t i o n  d u r i n g  
s low  th aw in g  l e a d s  t o  c e l l u l a r  d e a t h  (Mazur, 1 9 7 7 a ) ,  bu t  
r a p i d  th a w in g  r e s u l t i n g  i n  q u i c k  m e l t i n g  o f  t h e  
i n t r a c e l l u l a r  i c e  c a n  be  u s e d  t o  r e s c u e  s u c h  c e l l s  ( L e ib o ,  
1977a) .
Embryos,  w hich  a r e  f r o z e n  s l o w l y  t o  a b o u t  -50°C b e f o r e  
t r a n s f e r  i n t o  l i q u i d  n i t r o g e n ,  a r e  r e l a t i v e l y  i n s e n s i t i v e  to  
t h e  r a t e  o f  t h a w in g .  The e x t e n t  o f  d e h y d r a t i o n  i n  t h e s e  
embryos i s  i n t e r m e d i a t e  and t h e r e f o r e  t h e i r  c e l l s  c o n s t i t u t e
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a b a l a n c e  b e tw e e n  s u s c e p t i b i l i t y  t o  o s m o t i c  sh o c k  and 
i n t r a c e l l u l a r  i c e  f o r m a t i o n  ( L e i b o ,  19 8 1 ) .
1 . 3 . 3 . 2 .  T w o -s tep  f r e e z i n g
The m ethod o f  2 - s t e p  f r e e z i n g  was o r i g i n a l l y  u se d  by 
L u y e t  & Keane (1955) f o r  f r e e z i n g  b u l l  semen. Wood & F a r r a n t  
(1980,  1981) a p p l i e d  t h e  p r o c e d u r e  t o  t h e  f r e e z i n g  o f  8 - c e l l  
mouse embryos i n  1 .5  M-DMSO. A f t e r  s e e d i n g ,  t h e  sa m p le s  were 
p l a c e d  i n t o  a -20^0  a l c o h o l  b a t h  f o r  15 min and t h e n  
t r a n s f e r r e d  i n t o  l i q u i d  n i t r o g e n .  A K>'gb p e r c e n t a g e  o f  embryos 
d e v e lo p e d  i n  v i t r o  a f t e r  r a p i d  t h a w in g .  Bouyssou Sc Ghupin 
(1982) u s e d  a 2 - s t e p  p r o c e d u r e  ( d i r e c t  c o o l i n g  t o  -30°C 
a f t e r  s e e d i n g )  f o r  f r e e z i n g  c a t t l e  b l a s t o c y s t s .  T h is  
p r o c e d u r e  was r e p o r t e d  to  h a v e  a p p r o x i m a t e l y  t h e  same 
e f f e c t i v e n e s s  (Bouyssou  Sc Chupin ,  1982) o r  to  b e  l e s s  
e f f e c t i v e  (F r a n k s  e t  a l .  , 1986) t h a n  c o n t r o l l e d  r a t e
f r e e z i n g .
1 . 3 . 3 . 3 .  Rapid  f r e e z i n g
Nguyen, Renard  Sc G a m i e r  ( 1 9 8 3 )  r e p o r t e d  f i r s t  t h a t  
d e h y d r a t i o n  a t  room t e m p e r a t u r e  by t h e  i n c l u s i o n  o f  a n o n ­
p e r m e a t i n g  s o l u t e  i n  t h e  f r e e z i n g  medium p r o t e c t e d  r a b b i t  
embryos a g a i n s t  i n t r a c e l l u l a r  i c e  f o r m a t i o n  d u r i n g  r a p i d  
f r e e z i n g .  S i m i l a r  p r o c e d u r e s  w ere  s u c c e s s f u l l y  a p p l i e d  to  
mouse (T ak ed a ,  E l s d e n  Sc S e i d e l ,  1 9  8 4 )  r a t  (Chupin  Sc R i v i e r s ,
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1986) and cattle embryos (Bui-Xuan-Nguyen, Heyman & Renard, 
1984). Several sugars (raffinose, lactose, sucrose, glucose 
and xylose) have been successfully used for rapid freezing 
(Takahashi & Kanagawa, 1985). Very concentrated mixtures of 
permeating and non-permeating solutes vitrify upon transfer 
into liquid nitrogen. Rail & Fahy (1985) reported that such 
solutions can be used for the ice-free cryopreservation of 
mouse embryos. Chapters 3, 4, 5 and 6 examine in detail the 
factors affecting the viability of embryos frozen rapidly in 
mixtures of permeating and non-permeating solutes.
1.3.4. Duration of embryonic viability in liquid nitrogen
At the temperature of liquid nitrogen embryos are 
practically in the state of immortality. Below -130°C water 
exists only in crystalline and glassy states which have so 
high viscosity that diffusion is insignificant. Non-aqueous 
reactions with highly reactive compounds of 0, H and P can 
occur at very low temperatures, but these usually require an 
exogenous energy source such as a glow discharge (McGee & 
Martin, 1962). Reactions requiring molecular motion and/or 
activational energy do not occur at -196°C. The only 
reactions occuring at the temperature of liquid nitrogen are 
caused by background radiation which produces free radicals 
and breakages in macromolecules as a result of hits by high 
energy particles. During Msufficiently long" period these 
breakages may reach a level which, in the absence of
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e n z y m a t i c  r e p a i r ,  i s  d e l e t e r i o u s  (Mazur, 1 9 7 6 ) .  T h ere  has  
b e e n  no r e p o r t  on t h e  r e d u c t i o n  o f  v i a b i l i t y  o f  c e l l s  d u r i n g  
s t o r a g e  i n  l i q u i d  n i t r o g e n .  G l e n i s t e r ,  W h i t t in g h am  & Lyon 
(1984)  found no  d e t r i m e n t a l  e f f e c t s  a f t e r  e x p o s in g  mouse 
embryos to  t h e  e q u i v a l e n t  o f  2000 y e a r s  back g ro u n d  
r a d i a t i o n .
1 . 3 . 5 .  G e n e t i c  s t a b i l i t y  o f  embryos d u r i n g  s t o r a g e  a t  -196°C
The o n ly  c a u s e  o f  m u t a t i o n s  i n  c r y o p r e s e r v e d  c e l l s  i s  
b a c k g ro u n d  r a d i a t i o n .  T h i s  a c c o u n t s  f o r  o n l y  1% o f  
s p o n t a n e o u s  m u t a t i o n s  i n  l i v e  (mouse germ) c e l l s  ( R u s s e l l ,  
1 9 6 3 ) .  T h e r e f o r e  t h e  c e l l s  r e m a in  g e n e t i c a l l y  much more 
s t a b l e  d u r i n g  f r o z e n  s t o r a g e  t h a n  i n  l i v i n g  a n i m a l s .
However, i t  a l s o  h a s  to  be  c o n s i d e r e d  t h a t  t h e  a b s e n c e  o f  
r e p a i r  mechanisms a t  low t e m p e r a t u r e s  i n c r e a s e s  t h e
f r e q u e n c y  o f  s p o n t a n e o u s  m u t a t i o n s  by an  e s t i m a t e d  f a c t o r  o f  
a b o u t  3 ( R u s s e l l ,  1 9 6 3 ) .  Embryos o f  a c e r t a i n  mouse s t r a i n s  
s u r v i v e  f r e e z i n g  b e t t e r  t h a n  embryos from o t h e r  s t r a i n s ,  b u t  
t h e r e  i s  no d i r e c t  e v i d e n c e  i n  any mammalian s p e c i e s  showing 
t h a t  f r e e z e - t h a w  s u r v i v a l  r e p r e s e n t s  a  g e n e t i c  s e l e c t i o n  o f  
e m b r y o s .
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CHAPTER 2: MATERIALS AND METHODS
2 . 1 .  E x p e r im e n t s  on mouse embryos
2 . 1 . 1 .  S o u rc e  o f  embryos
Mouse embryos w e re  o b t a i n e d  from WEHI d o n o rs  mated by 
m a le s  o f  t h e  same s t r a i n .  The b r e e d i n g  o f  WEHI m u l t i c o l o u r e d  
o u t b r e d  m ice  was s t a r t e d  i n  A u s t r a l i a  by t h e  W a l t e r  & E l i z a  
H a l l  I n s t i t u t e  f o r  M e d ic a l  R e s e a r c h  (M elbourne)  i n  th e  
1 9 5 0 ' s .  The s t r a i n  h a s  b e e n  m a i n t a i n e d  a t  The John  C u r t i n  
S ch o o l  o f  M e d ic a l  R e s e a r c h ,  A u s t r a l i a n  N a t i o n a l  U n i v e r s i t y  
s i n c e  1960. The W a l t e r  E l i z a  H a l l  I n s t i t u t e  o r i g i n a l l y  
o b t a i n e d  t h e  s t r a i n  from t h e  I m p e r i a l  C ance r  Fund (U.K.)  
where  b r e e d i n g  b e g a n  i n  t h e  1 9 2 0 ' s .
WEHI o u t b r e d  m ice  were  k e p t  u n d e r  a c i r c a d i a n  reg im e  o f  
14 h l i g h t  and 10 h d a r k  i n  an  a i r  c o n d i t i o n e d  room. At 6 to  
12 weeks o f  age  f e m a le s  were  in d u c e d  t o  s u p e r o v u l a t e  by 
i n t r a p e r i t o n e a l  i n j e c t i o n s  o f  5 i . u .  PMSG f o l lo w e d  by 2 t o  5 
i . u .  hCG 46 h l a t e r .  The f em a le s  were  i n d i v i d u a l l y  p a i r e d  
w i t h  m a le s  a t  t h e  t im e  o f  t h e  hCG i n j e c t i o n  and c h eck ed  f o r  
v a g i n a l  p l u g s  t h e  n e x t  m o rn in g .  On t h e  t h i r d  day (65-70  h 
a f t e r  t h e  hCG i n j e c t i o n )  t h e  mated f e m a le s  w ere  k i l l e d  by 
c e r v i c a l  d i s l o c a t i o n  and t h e i r  o v i d u c t s  and  u t e r i  e x c i s e d .  
The o v i d u c t s  and t h e  a n t e r i o r  p o r t i o n  o f  t h e  u t e r i  were  
f l u s h e d  w i t h  D u l b e c c o ' s  p h o s p h a t e  b u f f e r e d  s a l i n e  
s u p p le m e n te d  w i t h  57> f e t a l  c a l f  serum (PBS + 5% FCS) . One
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end o f  a 4 cm lo n g  c a p i l l a r y  g l a s s  t u b i n g  (O.D. 1 mm) was
t a p e r e d .  The t a p e r e d  end o f  t h e  c a p i l l a r y  t u b i n g  was
i
i n s e r t e d  i n t o  t h e  o s t i u m  and h e l d  i n  p o s i t i o n  w i t h  
watchm aker  f o r c e p s  and t h e  o t h e r  end was c o n n e c t e d  t h r o u g h  
p o l y e t h y l e n e  t u b i n g  t o  a 5 ml d i p o s a b l e  s y r i n g e  c o n t a i n i n g  
t h e  f l u s h i n g  medium. F l u s h i n g  was a c h i e v e d  by f o r c i n g  t h e  
medium t h r o u g h  t h e  r e p r o d u c t i v e  t r a c t .  PBS was p r e p a r e d  a s  
d e s c r i b e d  by D u lbecco  & Vogt (1954) e x c e p t  t h a t  MgSO^yTI^O 
was u s e d  i n s t e a d  o f  M g C ^ 'ö t ^ O  i n  e q u i m o l a r  c o n c e n t r a t i o n .  
M o r p h o l o g i c a l l y  n o r m a l  8 -  to  1 6 - c e l l  embryos were  c o l l e c t e d ,  
washed i n  s e v e r a l  c h a n g e s  o f  medium and random ly  a l l o c a t e d  
t o  t r e a t m e n t s .
2 . 1 . 2 .  M easurem ent  o f  ch an g e s  i n  t h e  volume o f  embryos
The volume o f  embryos was m easured  a s  d e s c r i b e d  i n  d e t a i l  
by J a c k o w s k i ,  L e ib o  & Mazur (1980) and Sz& ll  & S h e l t o n  
(1 9 8 6 b ) .  The embryos w ere  p i p e t t e d  i n t o  l a r g e  p o o l s  o f  
e x p e r i m e n t a l  s o l u t i o n s  p r e p a r e d  i n  PBS + 57» FCS and t h e n  
i n t o  a f l a t  d rop  o f  i d e n t i c a l  medium which  was c o v e r e d  by 
o i l  t o  s t o p  e v a p o r a t i o n .  P h o to g r a p h s  were  t a k e n  a t
p r e d e t e r m i n e d  t im e s  t h r o u g h  an  i n v e r t e d  m ic r o s c o p e  and t h e  
volume o f  embryos was e s t i m a t e d  from t h e i r  c r o s s - s e c t i o n a l  
a r e a  a ssu m in g  a s p h e r i c a l  s h a p e .  The c r o s s - s e c t i o n a l  a r e a  
(A) o f  embryos was m easu red  by p l a n i m e t e r  on p h o t o g r a p h s  
made a t  t h e  same m a g n i f i c a t i o n .  The volume o f  embryos (V) 
was est imated u s i n g  t h e  f o l l o w i n g  fo rm u la :
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V=4/3T[(A/-r)1 /2]3
The volume of embryos in experimental solutions was 
expressed as a percentage of their volume in isosmotic 
solutions. Eight- to 16-cell mouse embryos well approximated 
the spherical shape because of the regular arrangement of 
blastomeres and the compaction of the embryo itself.
2.1.3. Freezing and thawing procedures
The embryos were frozen in plastic straws (Tsunoda & 
Sugie, 1977; Massip et al., 1979) using procedures described 
by Sz&ll & Shelton (1986a). The following fractions were 
aspirated into 0.5 ml plastic insemination straws (I.M.V.): 
440 jul diluent (sucrose solution), 20 ^ul air and 40 ^ul
freezing medium. The sucrose solutions and the freezing 
media were prepared in PBS + 57o FCS. A group of 1 0 or 20 
embryos was pipettted into the freezing medium fraction of 
the straws. The straws were heat-sealed at both ends, and 
the embryos were frozen by placing the straws horizontally 
in the vapour about 1 cm above the surface of liquid 
nitrogen (approx. -180°C) in a container. The rate of 
freezing was measured by a thermocouple placed into the 
freezing medium fraction of a straw. The cooling rate form 
+20 to -20°C was -140 °C/min. A medium containing 3.0 M- 
glycerol + 0.25 M-sucrose supercooled to about -26°C then
52
warmed up to -20°C as ice formed spontaneously. The mean 
freezing rates between -30, -90, -120 and -150 °C were
respectively, -140, -127 and -80°C/min. After 2-10 min in 
the vapour, the straws were transferred into liquid nitrogen 
and stored for 5 days or longer.
The straws were thawed in a waterbath without agitation 
until the ice melted. The glycerol was removed from the 
embryos by in-straw sucrose dilution (Leibo et al., 1982;
Renard et al., 1982). The embryos were left for 10 min at
controlled temperature to allow glycerol removal before 
being pipetted into PBS + 57» FCS for another 10-20 min 
before culture or transfer. The number of embryos developing 
to blastocysts in culture was expressed as the proportion of 
those frozen.
2.1.4. Culture of embryos
Embryos were cultured in Whitten’s medium (Whitten, 1971) 
which was modified by reducing the sodium pyruvate 
concentration from 0.318 mM to 0.270 mM (Cross & Brinster, 
1973) and the Ca-lactate concentration from 1.72 mH to 0.860 
mM. The medium was supplemented with 1 0 ^uM EDTA 
(Abramczuk, Solter & Koprowski, 1977), filtered and used 
immediately or stored in refrigerator until use. Herr & 
Wright (1986) reported that Whitten's medium may be stored 
at 4°C for at least 3 months. The embryos were cultured in 
96-well flat bottomed tissue culture plates (Nunclon,
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Roskilde, Denmark); 0.2 ml Whitten's medium was pipetted 
into the micro wells and covered by 0.1 ml paraffin oil 
(colourless light; B.D.H. Chemicals, Poole, England). The 
culture plates were placed into a humidified atmosphere of 
5% CO2 , 57, O2  and 907, ^  at 37°C in a gas box. Prior to its 
use for culture the medium was equilibrated overnight with 
the gas phase. Embryos were cultured for 24 or 48 h. All 
embryos recovered after experimental treatments were 
cultured irrespective of their morphological integrity.
2.1.5. Transfer of embryos
Six to 12 weeks old hormonally not treated nulliparous 
WEHI female mice were used as recipients. The females 
were paired in groups of 2 to 4 with vasectomised males 
which had been proven to be sterile. The females were 
checked for vaginal plugs and the day on which a vaginal 
plug was found was recorded. On Day-3 of pseudopregnancy 
anaesthesia was induced in the females by the
intraperitoneal injection of 0.015 ml of 27o Avertin per g of 
body mass. The lumbar and paralumbar area was clipped and 
then wiped with 707, ethanol. For surgery the recipients were 
placed on the stage of a stereo microscope and a transverse 
incision was made through the skin and body wall. The uterus 
was exteriorized and held by curved forceps while its wall 
was puntured with a 0.33 x 12.7 mm (30 G x 1/2 in)
hypodermic needle. The embryos were aspirated into the
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capillary part of a pipette between two air bubbles in a 
minimal volume of medium; the tip of the pipette was 
inserted into the uterine lumen and the embryos expelled by 
pressure. The contents of the pipette was subsequently 
examined under stereo microscope and if some embryos were in 
it the procedure was repeated. The uterus was allowed to 
retract and the incision in the body wall and skin was 
closed with wound clips. The same operation was repeated on 
the other side. While recovering from anaesthesia the 
recipients were placed under a 60 W lamp to prevent 
hypothermia. Subsequently the recipients were kept in 
separate boxes.
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2 . 2 .  E x p e r im e n t s  on c a t t l e  and sh eep  embryos 
2 . 2 . 1 .  S u p e r o v u l a t i o n  and i n s e m i n a t i o n  o f  cows
Embryos w ere  c o l l e c t e d  from F r i e s i a n  cows h e l d  on 
p a s t u r e .  T h e i r  d i e t  was s u p p le m e n te d  w i t h  o a t e n  g r a i n ,  
l u c e r n e  and p a s t u r e  h a y .
The o e s t r o u s  c y c l e  o f  cows was s y n c h r o n i z e d  w i t h  
p r o g e s t e r o n e  r e l e a s i n g  i n t r a u t e r i n e  d e v i c e  (PRID; Bomac 
L a b o r a t o r i e s ,  N .S .W .)  i n s e r t e d  f o r  12 days  o r  w i t h  
n o r g e s t o m e t  e a r  i m p la n t  (Syn ch ro m ate  B; I n t e r v e t ,  A n g e rs ,  
F ra n c e )  i n s e r t e d  f o r  8 t o  9 days  o r  w i t h  t h e  i n t r a m u s c u l a r  
i n j e c t i o n  o f  750 mg p r o s t a g l a n d i n  a n a l o g u e ,  c l o p r o s t e n o l  
( E s t r u m a t e ;  ICI  A u s t r a l i a  L td ,  M e l b o u r n e ) .  S u p e r o v u l a t i o n  
was in d u c e d  by t h e  i n t r a m u s c u l a r  i n j e c t i o n  o f  2500 i . u .  PMSG 
( F o l l i g o n ;  I n t e r v e t  A u s t .  P t y .  , Lane Cove, N .S .W.)  g i v e n  2 
days  b e f o r e  t h e  r em o v a l  o f  PRID o r  Synchrom ate  B im p l a n t  o r  
d u r i n g  t h e  n a t u r a l  l u t e a l  p h a s e ,  13 days  a f t e r  c l o p r o s t e n o l  
i n j e c t i o n  i n  cows which  had  t h e n  a p a l p a b l e  c o r p u s  lu te u m .
At t h e  t im e  o f  t h e  r em o v a l  o f  t h e  PRID o r  Synchrom ate  B 
i m p l a n t s  750 mg c l o p r o s t e n o l  was i n j e c t e d .  Those cows 
which  r e c e i v e d  t h e  s u p e r o v u l a t o r y  t r e a t m e n t  u n d e r  t h e  
i n f l u e n c e  o f  t h e i r  n a t u r a l  c o rp u s  lu te u m  were  g i v e n  f u r t h e r  
i n j e c t i o n s  o f  c l o p r o s t e n o l  48 h (750 mg) and 72 h (500 mg) 
a f t e r  t h e  PMSG t r e a t m e n t .  O e s t r u s  i n  s u p e r o v u l a t e d  cows 
n o r m a l l y  o c c u r r e d  48 h a f t e r  t h e  f i r s t  o r  o n l y  i n j e c t i o n  o f  
c l o p r o s t e n o l .  The cows were  i n s e m i n a t e d  w i t h  f r o z e n - th a w e d
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semen from F r i e s i a n  b u l l s  12 and 24 h a f t e r  t h e  o n s e t  o f  
o e s t r u s .
2 . 2 . 2 .  Recovery  o f  c a t t l e  embryos
The embryos were  r e c o v e r e d  n o n - s u r g i c a l l y  on Day-7 (Day-0 
i s  t h e  t im e  o f  o n s e t  o f  o e s t r u s )  a f t e r  24 h s t a r v a t i o n  as 
d e s c r i b e d  by E l s d e n ,  H a s l e r  & S e i d e l  (1976) and S h e l t o n  e t  
a l .  ( 1 9 7 9 ) .  The r e c tu m  o f  t h e  cows was e m p t ied  and t h e  
v u l v o - a n a l  r e g i o n  c l e a n e d .  The cows w ere  t r a n q u i l l i z e d  w i t h  
5 mg a c e t y l p r o m a z i n e  i n j e c t e d  i n t r a m u s c u l a r l y ;  e p i d u r a l  
a n a e s t h e s i a  was in d u c e d  w i t h  5 ml 27. l i g n o c a i n e .  A 20 F re n c h  
gauge  2-way Fo ley  c a t h e t e r  w i t h  a 30 ml b a l l o o n  was i n s e r t e d  
i n t o  t h e  v a g i n a  and t h e n  m a n i p u l a t e d  t h r o u g h  t h e  c e r v i x .  The 
u t e r i n e  h o r n s  were  f l u s h e d  s e p a r a t e l y .  The c a t h e t e r  was 
p l a c e d  i n t o  e ach  u t e r i n e  h o r n  so t h a t  t h e  b a l l o o n  was j u s t  
beyond  t h e  b i f u r c a t i o n  when i n f l a t e d  w i t h  a i r .  A N u t r i - P a k  
(AHS, Sydney,  A u s t r a l i a )  c o n t a i n e r  was f i l l e d  w i t h  PBS and 
p l a c e d  a b o u t  1 m above t h e  cow. The c a t h e t e r  was c o n n e c t e d  
t h r o u g h  a Y c o n n e c t i n g  p i e c e  to  t h e  f l u s h i n g  medium 
c o n t a i n e r  and to  t h e  c o l l e c t i o n  t u b e .  A i r  was e x c lu d e d  from 
t h e  d e l i v e r y  and c o l l e c t i n g  t u b e s  and c lam ps  w ere  p l a c e d  on 
b o t h  t u b e s .  The u t e r i n e  h o r n  was f i l l e d  w i t h  50 to  150 ml 
medium by o p e n in g  t h e  d e l i v e r y  t u b e  and t h e n  t h e  f l u s h i n g  
medium was d r a i n e d  from t h e  u t e r i n e  lumen t h r o u g h  t h e  
c o l l e c t i o n  t u b e .  The p r o c e d u r e  was r e p e a t e d  s e v e r a l  t im e s  
u s i n g  a b o u t  800 ml medium p e r  u t e r i n e  h o r n .  A f t e r  c o l l e c t i o n
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t h e  medium was f i l t e r e d  t h r o u g h  a p l a n k t o n  n e t  w i t h  70 ^m 
h o l e s  (Henry Symons, Sydney) p l a c e d  i n t o  a f i l t e r  u n i t .  The 
embryos w ere  r e t a i n e d  by t h e  n e t  and t h e n  washed i n t o  a 
s e a r c h i n g  b o w l .
M orpho log ica l ly  n o rm al  embryos w ere  c l a s s i f i e d  i n t o  th e  
f o l l o w i n g  d e v e l o p m e n t a l  s t a g e s :  e a r l y  (uncom pacted)  m o ru la ,  
l a t e  (com pac ted )  m o r u la ,  e a r l y  b l a s t o c y s t  ( b l a s t c o e l e  
c l e a r l y  v i s i b l e ,  b u t  s m a l l e r  t h a n  h a l f  o f  t h e  whole  embryo) ,  
b l a s t o c y s t  ( b l a s t o c o e l e  a b o u t  one h a l f  o f  t h e  w hole  embryo 
o r  b i g g e r ,  b u t  no s i g n  o f  t h i n n i n g  o f  t h e  zona)  and l a t e  
b l a s t o c y s t  ( t h i n n i n g  o f  t h e  z o n a  e v i d e n t ) .  The embryos were  
random ly  a l l o c a t e d  t o  t r e a t m e n t s .
2 . 2 . 3 .  S u p e r o v u l a t i o n  o f  ewes
M a tu re  A u s t r a l i a n  M er ino  ewes w ere  u se d  a s  embryo d o n o r s .  
T h e i r  o e s t r o u s  c y c l e s  were  s y n c h r o n i z e d  by t h e  i n s e r t i o n  o f  
i n t r a v a g i n a l  sp o n g e s  c o n t a i n i n g  40 mg f l u g e s t o n e  a c e t a t e  
( C h r o n o - G e s t ; I n t e r v e t  A u s t .  P t y . , A r ta rm o n ,  N.S.W.)  f o r  12 
d a y s .  S u p e r o v u l a t i o n  was in d u ce d  by t r e a t m e n t  w i t h  f o l l i c l e  
s t i m u l a t i n g  hormone (FSH) and PMSG i n  c o m b i n a t i o n  (Ryan e t  
a l . ,  1 9 8 4 ) .  A t r e a t m e n t  c o n s i s t e d  o f  a t o t a l  o f  12 mg FSH 
(FSH-P; B u r n s - B i o t e c h ,  Omaha, N e b r a s k a ,  U .S .A . )  i n  3 .2  70 
g e l a t i n  s o l u t i o n  g i v e n  i n t r a m u s c u l a r l y  i n  3 d o s e s  o f  6, 4 
and 2 mg once  a day o v e r  3 days  commencing 2 days b e f o r e  t h e  
rem o v a l  o f  s p o n g e s .  At t h e  t im e  o f  t h e  f i r s t  FSH i n j e c t i o n  
300 i . u .  PMSG ( F o l l i g o n ;  I n t e r v e t  A u s t .  P t y . ,  A r ta rm on ,
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N.S.W.)  was a l s o  i n j e c t e d .
2 . 2 . 4 .  M at ing  and i n s e m i n a t i o n  o f  ewes
I m m e d ia te ly  a f t e r  sponge  rem ova l  t h e  ewes w ere  j o i n e d  
w i t h  rams f i t t e d  w i t h  S i r e - s i n e  h a r n e s s e s  and c r a y o n s  i n  t h e  
r a t i o  o f  1 ram f o r  e ac h  2 ewes .  I n t r a u t e r i n e  i n s e m i n a t i o n  
was c a r r i e d  o u t  by l a p a r o s c o p y  28-32  h a f t e r  t h e  sponge 
r e m o v a l .  B e f o re  l a p a r o s c o p y  t h e  ewes w ere  s t a r v e d  f o r  24 h .  
For i n s e m i n a t i o n  t h e  ewes were p l a c e d  i n t o  a l a p a ro to m y  
c r a d l e  (B lo c k e y ,  Edmund & Cumming, 1972) ;  t h e  wool  was
removed from an a r e a  o f  t h e  abdomen e x t e n d i n g  a b o u t  20 cm 
a n t e r i o r  from t h e  mammary g l a n d .  Two c a n n u l a e  ( 1 0 . 5  and 7 .0  
mm O.D.)  were  i n s e r t e d  w i t h  t h e  a i d  o f  t r o c a r s  i n t o  th e  
abdomen a b o u t  5 t o  8 cm a n t e r i o r  t o  t h e  u d d e r  on e i t h e r  s i d e  
3 to  5 cm from t h e  mid l i n e .  Care  was t a k e n  to  a v o id  damage 
t o  l a r g e  s u b c u t a n e o u s  b lo o d  v e s s e l s  and t h e  t r o c a r  was 
d i r e c t e d  so a s  n o t  to  p u n c t u r e  t h e  b l a d d e r  o r  damage th e  
f e m o r a l  a r t e r y .  An en d o sco p e  (A m erican  C y s to s c o p e  Makers 
I n c . , New York) (O.D. 9 mm) was i n t r o d u c e d  t h r o u g h  th e
l a r g e r  c a n n u l a  and a p ro b e  o r  i n s e m i n a t i o n  p i p e t t e  were  
i n t r o d u c e d  t h r o u g h  t h e  s m a l l e r  c a n n u l a .  I n  ewes,  on which 
la p a r o to m y  had n o t  b e e n  c a r r i e d  o u t  b e f o r e  and w ere  i n  
medium o r  l e s s  t h a n  medium body c o n d i t i o n ,  t h e  u t e r i n e  h o rn s  
w ere  u s u a l l y  v i s i b l e  and a c c e s s i b l e  s t r a i g h t  a f t e r  p l a c i n g  
t h e  e n d o sc o p e  i n t o  t h e  abdomen. A d h e s io n s  c a u se d  by p r e v i o u s  
o p e r a t i o n s  a n d / o r  more t h a n  a no rm al  amount  o f  body f a t  made
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t h e  a c c e s s  to  t h e  u t e r u s  more d i f f i c u l t .  In  such  c a s e s  t h e  
i n t e s t i n e  and c o n n e c t i v e  t i s s u e  were m a n i p u l a t e d  w i t h  a 
p r o b e .
Semen was c o l l e c t e d  by e l e c t r o e j a c u l a t i o n  from M erino  
rams which  had  b e e n  s e p a r a t e d  from ewes f o r  a t  l e a s t  5 d a y s .  
The m o t i l i t y  and d e n s i t y  o f  t h e  e j a c u l a t e s  was check ed  u n d e r  
m ic r o s c o p e  b e f o r e  and a f t e r  1:1 d i l u t i o n  w i t h  D u l b e c c o ' s  PBS 
and a f t e r  t h e  c o m p l e t i o n  o f  i n s e m i n a t i o n .  D i l u t e d  semen o f  2 
rams showing good o r  e x c e l l e n t  m o t i l i t y  was mixed and u s e d  
f o r  i n s e m i n a t i o n .  I n s e m i n a t i o n s  w ere  p e r fo rm e d  w i t h  a 25 cm 
lo n g  g l a s s  i n s e m i n a t i o n  p i p e t t e  ( I . D .  2 .0  mm, O.D. 6 .5  mm) 
t o  w h ich  a 1 ml s y r i n g e  was a t t a c h e d ;  t h e  o t h e r  end o f  t h e  
p i p e t t e ,  which  was t a p e r e d ,  was a t t a c h e d  to  a 0 .5  mm (24 G) 
h ypoderm ic  n e e d l e  w hich  had b e e n  r e d u c e d  to  a l e n g t h  o f  
a b o u t  7 mm by b r e a k i n g  o f f  t h e  b e v e l l e d  t i p .  The volume o f  
i n s e m i n a t e  p e r  u t e r i n e  h o r n  was 0 .0 5  ml w hich  was a s p i r a t e d  
i n t o  t h e  p i p e t t e  a f t e r  a b o u t  0 .5  ml a i r .  The p i p e t t e  was 
i n t r o d u c e d  i n t o  t h e  a b d o m in a l  c a v i t y  t h r o u g h  t h e  c a n n u l a  and 
t h e  n e e d l e  was i n s e r t e d  t h r o u g h  t h e  w a l l  o f  t h e  most  r e a d i l y  
a c c e s s i b l e  p a r t  o f  t h e  u t e r i n e  h o r n  w hich  was u s u a l l y  c l o s e  
to  t h e  b i f u r c a t i o n .  When t h e  o p e r a t o r  f e l t  t h e  p u n c t u r e  o f  
t h e  u t e r i n e  w a l l ,  t h e  semen was e x p e l l e d  from t h e  p i p e t t e .
2 . 3 . 5 .  R ecovery  o f  sh e ep  embryos
Seven  days a f t e r  sponge  rem o v a l  g e n e r a l  a n a e s t h e s i a  was 
in d u c e d  i n  t h e  ewes by t h e  i n t r a v e n o u s  i n j e c t i o n  o f
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thiopentone sodium (Pentothal; Bomac Laboratories, N.S.W.) 
at a dose rate of 20 mg/kg body mass and maintained by 
inhalation of 1 to 57<> halothane (Fluothane; I.C.I. 
Australia, Melbourne) in oxygen. The embryos were recovered 
by flushing the uterine horns as described by Hunter, Adams 
& Rowson (1955). The reproductive tract was exteriorized 
following midventral incision. A polyethylene cannula (I.D.
1.00 mm, O.D. 2.00 mm) was inserted into the ovarian end 
of the oviduct. The uterine horns were flushed by injecting 
1 0 ml of flushing medium (PBS + 57> FGS) into their lumen and 
forcing it thorough the oviduct and the cannula by gentle 
pressure. The flushing medium was collected through the 
cannula into a round bottomed glass bowl.
The clasification of sheep embryos into developmental 
stages was done as described in section 2.2.2..
2.2.6. Measurement of changes in the volume of embryos
In experiments on the osmotic properties of cattle and 
sheep embryos measurements of changes in the volume were 
carried out as described in section 2.1.2. .
2.2.7. Experiments on in-straw dilution of glycerol from 
sheep embryos
For experiments on sucrose dilution of glycerol sheep 
embryos were placed in 0.5 ml plastic insemination straws.
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The s t r a w s  c o n t a i n e d  440 ^ u l  s u c r o s e  s o l u t i o n  s e p a r a t e d  by 
an  a i r  b u b b l e  from 20 ^ u l  g l y c e r o l  s o l u t i o n .  The embryos 
were  exp o sed  to  g l y c e r o l  a n d / o r  g l y c e r o l - s u c r o s e  s o l u t i o n s  
and t h e n  p i p e t t e d  i n t o  t h e  g l y c e r o l  o r  g l y c e r o l - s u c r o s e  
f r a c t i o n  o f  t h e  s t r a w .  At t h e  end o f  t h e  e q u i l i b r a t i o n  
p e r i o d  t h e  two f r a c t i o n s  o f  t h e  s t r a w  were  mixed by sh a k in g  
t h e  s t r a w  l i k e  a c l i n i c a l  th e rm o m e te r  ( L e ib o ,  West & P e r r y  
1982a, b ;  R e n a rd ,  Heyman & O z i l ,  1 9 8 2 ) .  The c o n c e n t r a t i o n s  
o f  g l y c e r o l  and s u c r o s e  a s  w e l l  a s  t h e  d u r a t i o n  and 
t e m p e r a t u r e  o f  t h e  d i l u t i o n  w ere  t h e  e x p e r i m e n t a l  f a c t o r s  
examined and a r e  s p e c i f i e d  i n  C h a p te r  6 . .  When t h e  d i l u t i o n  
was done a t  35°C, t h e  s u c r o s e  d i l u e n t  f r a c t i o n  o f  t h e  s t r a w  
was warmed up b e f o r e  m ix in g  by h o l d i n g  t h e  s t r a w  i n  su ch  a 
p o s i t i o n  t h a t  o n l y  t h e  s u c r o s e  d i l u e n t  f r a c t i o n  o f  t h e  s t r a w  
was immersed i n t o  a 3 5 °C w a t e r  b a t h ;  a f t e r  m ix in g  t h e  s t r a w  
was f u l l y  immersed i n t o  t h e  w a t e r  b a t h .  The embryos were  
r e c o v e r e d  from t h e  s t r a w s  a t  p r e s e t  t i m e s  a f t e r  m ix in g ,  
washed i n  PBS + 57, FCS and t h e n  c u l t u r e d  i n  PBS + 207» FCS.
2 . 2 . 8 .  E x p e r im e n t s  on r a p i d  f r e e z i n g
The embryos w ere  f r o z e n  i n  0 .2 5  ml o r  0 . 5  ml s t r a w s ;  0 .2 5  
ml s t r a w s  c o n t a i n e d  10 ^ u l  f r e e z i n g  medium s e p a r a t e d  by an 
a i r  b u b b l e  from 200 ^ u l  s u c r o s e  d i l u e n t ,  0 .5  ml s t r a w s  w ere  
f i l l e d  a s  d e s c r i b e d  i n  s e c t i o n  2 . 2 . 4 . .  The c o m p o s i t i o n  o f  
t h e  f r e e z i n g  m ed ia  and t h e  method o f  e q u i l i b r a t i o n  a r e  
s p e c i f i e d  i n  C h a p te r  6 . .  The s t r a w s  were  f r o z e n  by t r a n s f e r
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t o  l i q u i d  n i t r o g e n  v a p o u r  a t  -3 0 cC or - 3 5 °C i n  a programmable  
f r e e z e r  ( M in i - F r e C z e r  U n i t  t y p e  R202/200R; P l a n e r  P r o d u c t s  
L td ,  M i d d l e s e x ,  E n g la n d )  o r  a t  -180°C (a s  d e s c r i b e d  i n  
s e c t i o n  2 . 1 . 3 . ) «  A f t e r  f r e e z i n g  t o  -30°C t h e  embryos were  
thawed d i r e c t l y  o r  t r a n s f e r r e d  i n t o  l i q u i d  n i t r o g e n  b e f o r e  
t h a w in g ;  from -180°C t h e  embryos w ere  a lw ay s  t r a n s f e r r e d  . 
i n t o  l i q u i d  n i t r o g e n  b e f o r e  t h a w in g .
2 . 2 . 9 .  C u l t u r e  o f  c a t t l e  and sheep  embryos
The c u l t u r e  medium was D u l b e c c o ' s  PBS + 207« FCS
su p p le m e n te d  w i t h  8 mg P e n i c i l l i n  p e r  100 ml medium. The 
embryos w ere  c u l t u r e d  a t  36°C i n  h u m i d i f i e d  a i r  and t h e i r  
d ev e lo p m e n t  was ch ec k ed  a f t e r  24 and 48 h c u l t u r e .  To be 
c l a s s i f i e d  a s  v i a b l e  e a r l y  o r  l a t e  m o r u la e  had to  d e v e lo p  t o  
o r  beyond  t h e  b l a s t o c y s t  s t a g e ,  e a r l y  b l a s t o c y s t s  and 
b l a s t o c y s t s  to  o r  beyond t h e  l a t e  b l a s t o c y s t  s t a g e  and l a t e  
b l a s t o c y s t s  had  t o  m a i n t a i n  s t r u c t u r a l  i n t e g r i t y  f o r  a t  
l e a s t  24 h i n  c u l t u r e  o r  t o  d e v e lo p  t o  h a t c h i n g  o r  h a t c h e d  
b i a s  to  c y s t s .
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CHAPTER 3: SUCROSE DILUTION OF GLYCEROL FROM MOUSE EMBRYOS 
FROZEN RAPIDLY IN GLYCEROL-SUCROSE
3.1. Summary
The toxic effects of sucrose and the conditions of in­
straw glycerol removal after freezing and thawing were
studied using Day-3 mouse embryos. At 20°C exposure to 
O .0 M-sucrose for periods up to 30 min had no adverse 
effects on freshly collected embryos. At 25 and 36°C; 
however, >1.0 M-sucrose significantly reduced the 
developmental potential (P<0.001).
In the freezing experiments the embryos were placed in 
0.5 ml straws containing 40 p.1 freezing medium separated by
an air bubble from 440 j j l 1 sucrose solution. The straws 
were frozen rapidly in the vapour about 1 cm above the 
surface of liquid nitrogen. The post-thaw viability was 
substantially better after sucrose dilution at 20°C than at 
36°C. Mixing the freezing medium with the sucrose diluent 
immediately after thawing further improved the rate of 
survival compared to mixing just before freezing (P<0.001). 
The best survival was obtained when the freezing medium 
contained 3.0 M-glycerol + 0.25 M-sucrose; it was mixed with 
the diluent after thawing and the glycerol was removed at 
20°C. Under such conditions the sucrose concentration in 
the diluent had no significant effect on the rate of 
development ( 0.5 M, 697»; 1.0 M, 737>; 1.5 M, 647>) .
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The r e s u l t s  show t h a t  d u r i n g  s u c r o s e  d i l u t i o n  t h e  
t e m p e r a t u r e  s h o u l d  be  s t r i c t l y  c o n t r o l l e d  and s u g g e s t  t h a t  
i n t r a c e l l u l a r  and e x t r a c e l l u l a r  c o n c e n t r a t i o n s  o f  g l y c e r o l  
a r e  i m p o r t a n t  i n  t h e  c r y o p r o t e c t i o n  o f  em bryos .
3 . 2 .  I n t r o d u c t i o n
The o c c u r r e n c e  o f  i n t r a c e l l u l a r  i c e  f o r m a t i o n  d u r i n g  
f r e e z i n g  c an  be  m in im iz ed  by d e h y d r a t i o n  o f  c e l l s  (Mazur,  
1 9 7 0 ) .  The e a r l y  s u c c e s s  i n  c r y o p r e s e r v a t i o n  o f  mouse 
embryos depended  on t h e  u s e  o f  c r y o p r o t e c t a n t s  and  on th e  
p a r t i a l  d e h y d r a t i o n  o f  c e l l s  by s low f r e e z i n g  r a t e s  
(W h i t t in g h a m ,  L e ib o  & Mazur,  1972; W ilmut,  1 9 7 2 a ) .
C r y o p r o t e c t a n t - p e r m e a t e d  embryos c an  s u r v i v e  f a s t  f r e e z i n g  
r a t e s  when t h e y  a r e  p a r t l y  d e h y d r a t e d  by s u c r o s e  b e f o r e  
f r e e z i n g  (Nguyen,  R enard  & G a m i e r ,  1 983; R e n a r d , B u i-X uan-  
Nguyen & G a m i e r , 19 84; T ak ed a ,  E l s d e n  & S e i d e l ,  19 8 4 ) .  
F u r t h e r  d e v e lo p m e n t  o f  p r o c e d u r e s  to  f r e e z e  embryos w i t h o u t  
t h e  n e ed  f o r  p r e c i s e l y  c o n t r o l l e d  f r e e z i n g  r a t e s  and f o r  
t e d i o u s  s t e p w i s e  p o s t - t h a w  d i l u t i o n  o f  t h e  c r y o p r o t e c t a n t  i s  
o f  b o t h  p r a c t i c a l  and  t h e o r e t i c a l  i m p o r t a n c e .  S i m p l i f i e d  
t e c h n i q u e s  would  a l l o w  a much more w i d e s p r e a d  u se  o f  f r o z e n  
embryos i f  t h e y  p r o v i d e d  s i m i l a r  o r  h i g h e r  s u r v i v a l  r a t e s .
Embryos f r o z e n  i n  m e t h a n o l  s o l u t i o n s  c an  b e  t r a n s f e r r e d  
d i r e c t l y  i n t o  p h y s i o l o g i c a l  medium a f t e r  th aw in g  ( R a i l ,  
e t  a l . ,  1 9 8 4 ) .  P r e l i m i n a r y  e x p e r i e n c e  showed t h a t  3 . 0  o r  
4 .0  M -m ethanol  + 0 .2 5  o r  0 .5  M -s u c ro s e  d i d  n o t  p r o v i d e
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s u f f i c i e n t  p r o t e c t i o n  f o r  Day-3 mouse embryos f r o z e n  
r a p i d l y .  The most  g e n e r a l l y  u sed  c r y o p r o t e c t a n t s  f o r  
f r e e z i n g  embryos a r e  g l y c e r o l  and DMSO. D i r e c t  t r a n s f e r  from 
DMSO s o l u t i o n s  i n t o  p h y s i o l o g i c a l  medium s e v e r e l y  im p a i r e d  
t h e  d e v e l o p m e n t a l  p o t e n t i a l  o f  Day-2 mouse embryos 
(W h i t t in g h am  & W ales ,  1969) and o f  D a y -7 b o v i n e  and o v i n e  
embryos ( W i l l a d s e n ,  P o lg e  & Rowson, 1 9 7 8 ) .  Day-3 and Day-4 
mouse embryos a r e  more r e s i s t a n t  t o  r a p i d  d i l u t i o n  o f  1 .5  M- 
g l y c e r o l  o r  DMSO (W h i t t in g h a m  e t  a l . , 1979; R a i l ,  Wood &
K i r b y ,  19 8 4 ) ,  b u t  t h e  1 - s t e p  d i l u t i o n  o f  h i g h e r  t h a n  2 . 0  M 
c o n c e n t r a t i o n s  o f  t h e s e  c r y o p r o t e c t a n t s  w i t h  p h y s i o l o g i c a l  
m ed ia  i s  l i k e l y  t o  c a u s e  o s m o t ic  damage.
The u s e  o f  s u c r o s e  s o l u t i o n  to  c o u n t e r a c t  th e
i n t r a c e l l u l a r  o s m o t i c  p r e s s u r e  d u r i n g  c r y o p r o t e c t a n t  rem ova l  
from embryos was f i r s t  s u g g e s t e d  by Leibo  & Mazur ( 1 9 7 8 ) .  
The c o n c e p t s  o f  s i n g l e - s t e p  s u c r o s e  d i l u t i o n  o f  
c r y o p r o t e c t a n t s  and o f  f r e e z i n g  embryos i n  p l a s t i c  s t r a w s  
(Tsunoda & S u g i e ,  1977; M ass ip  e t  a l . ,  1979) w e re  u se d  by
L e ib o ,  West & P e r r y  (1 9 8 2 a ,  b) and by R e n a rd ,  Heyman & O z i l  
(1982) to  d e v e lo p  t h e  t e c h n i q u e  o f  i n - s t r a w  s u c r o s e
d i l u t i o n .  The o p t i m a l  t e m p e r a t u r e  r e q u i r e m e n t s  f o r  t h i s  
p r o c e d u r e  h ave  n o t  b e e n  d e f i n e d  and v e r y  l i t t l e  i s  known 
a b o u t  t h e  t o x i c i t y  o f  s u c r o s e  to  embryos a t  am bien t
t e m p e r a t u r e s  above  2 0 ° C. E x p e r im e n t s  d e s c r i b e d  i n  t h i s
C h a p te r  were  d e s i g n e d  to  s t u d y  t h e  t o x i c  e f f e c t s  o f  s u c r o s e  
a t  t h r e e  e n v i r o n m e n t a l  t e m p e r a t u r e s  and to  f i n d  o p t i m a l  
c o n d i t i o n s  f o r  i n - s t r a w  s u c r o s e  d i l u t i o n  o f  mouse embryos
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f r o z e n  r a p i d l y  u s i n g  a p r o c e d u r e  s i m i l a r  to  t h a t  o f  Takeda 
e t  a l . (1 984) .
3 . 3 .  D e s ig n  and e v a l u a t i o n  o f  e x p e r i m e n t s
3 . 3 . 1 .  S t u d i e s  on t h e  t o x i c i t y  o f  s u c r o s e  to  f r e s h  embryos
E x p e r im e n t s  3 . 1 ,  3 .2  and 3 . 3 .  The e f f e c t  o f  s u c r o s e  on
t h e  d e v e l o p m e n t a l  p o t e n t i a l  o f  f r e s h l y  c o l l e c t e d  embryos was 
i n v e s t i g a t e d  i n  f a c t o r i a l  e x p e r i m e n t s .  The i n  v i t r o  
v i a b i l i t y  o f  embryos was s t u d i e d  a f t e r  10,  20 o r  30 min
e x p o s u r e  t o  s u c r o s e  (Exps 3 . 1 ,  3 .2  and 3 . 3 ) .  I n  E x p e r im e n t s
3.1 and 3 . 2  t h e  embryos were  ex posed  t o  0, 0 . 2 5 ,  0 . 5 ,  1 .0  o r  
2 . 0  M - s u c r o s e  and i n  E x p e r im e n t  3 .3  t o  0 ,  0 . 5 ,  1 .0  o r  1 .5
M - s u c r o s e .  E x p e r im e n t  3.1 was c a r r i e d  o u t  a t  2 0 °C,
E x p e r im e n t  3 . 2  a t  2 5 °C and E x p e r im e n t  3 .3  a t  36°C. The 
s u c r o s e  s o l u t i o n s  were  p r e p a r e d  i n  D u l b e c c o ' s  PBS + 57o FCS.
The e x p e r i m e n t a l  u n i t  was a g ro u p  o f  10 (Exps 3.1 and 
3 .2 )  o r  12 (Exp.  3 . 3 )  embryos random ly  a l l o c a t e d  to  
t r e a t m e n t s .  The e x p e r i m e n t a l  d e s i g n  was a ran d o m ize d  b l o c k  
w i t h  3, 4 o r  5 r e p l i c a t i o n s  (Exps 3 . 2 ,  3.1 and  3 .3  
r e s p e c t i v e l y ) .  A f t e r  e x p o s u r e  t o  s u c r o s e ,  t h e  embryos w e re  
washed i n  D u l b e c c o ' s  PBS + 57, FCS, c u l t u r e d  f o r  2 days  and 
t h e  number o f  embryos d e v e l o p i n g  t o  b l a s t o c y s t  s t a g e  was
r e c o r d e d .
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3.3.2. Studies on sucrose dilution of glycerol from frozen- 
thawed embryos
Experiments 3.4 and 3.5. The effects of sucrose 
concentration for in-straw dilution (0.25, 0.5, 1.0 or 1.5
M), temperature of the thawing bath (20 or 36°C) and 
temperature during glycerol removal (20 or 36°C) were 
studied on a total of 640 embryos in each experiment. The 
freezing medium (2.0 M-glycerol + 0.25 M-sucrose in Exp. 3.4 
and 3.0 M-glycerol + 0.25 M-sucrose in Exp. 3.5) was mixed 
with the sucrose diluent immediately before freezing the 
straw. After thawing in a water bath at 20°C or 36°C, the 
glycerol was removed at controlled temperature either by 
leaving the straw in the thawing bath or placing it into 
another bath of different temperature (20 or 36°C). This 
temperature was kept constant for 10 min; the embryos were 
recovered from the straw at 20°C or on a 36°C warm stage. 
Experiments 3.4 and 3.5 each had two replications in 
randomized blocks.
Experiment 3.6. In a 2x3 factorial experiment with 3 
randomized blocks a total of 360 embryos was frozen to 
investigate the effect of the time of mixing the freezing 
medium with the sucrose diluent (just before freezing or 
immediately after thawing) at three levels of sucrose 
concentration (0.5, 1.0 or 1.5 M). The freezing medium
contained 3.0 M-glycerol +0.25 M-sucrose. The straws were 
thawed at 36°C and the glycerol was removed at 20°C.
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E x p e r im e n t  3 . 7 .  I n  a 3x3 f a c t o r i a l  e x p e r im e n t  w i t h  3 
r an d o m ize d  b l o c k s  a t o t a l  o f  540 embryos was f r o z e n  to  
s t u d y  t h e  e f f e c t  o f  t h e  g l y c e r o l  c o n c e n t r a t i o n  i n  th e  
f r e e z i n g  medium ( 2 . 0 ,  3 . 0  o r  4 . 0  M) and t h e  s u c r o s e
c o n c e n t r a t i o n  i n  t h e  d i l u e n t  ( 0 . 5 ,  1 .0  o r  1 .5  M ). In
a d d i t i o n  t o  g l y c e r o l ,  t h e  f r e e z i n g  medium a l s o  c o n t a i n e d  
0 .2 5  M - s u c r o s e .  The s t r a w s  were  thawed i n  a 36°C w a t e r  b a t h .  
The f r e e z i n g  medium and t h e  d i l u e n t  w ere  mixed a f t e r  th aw in g  
and l e f t  a t  2 0 °C d u r i n g  g l y c e r o l  r e m o v a l .
A f t e r  g l y c e r o l  rem o v a l  t h e  embryos w e re  c u l t u r e d  f o r  2 
d a y s .  The number o f  embryos d e v e l o p i n g  to  b l a s t o c y s t s  i n
c u l t u r e  was e x p r e s s e d  a s  t h e  p r o p o r t i o n  o f  t h o s e  f r o z e n .  
The e x p e r i m e n t a l  u n i t  was a group  o f  20 embryos f r o z e n  i n  a 
s t r a w .
3 . 3 . 3 .  S t a t i s t i c a l  a n a l y s i s
A f t e r  a n g u l a r  t r a n s f o r m a t i o n  ( M o s t e l l e r  & Y o u tz ,  1961) 
t h e  d a t a  were  s u b j e c t e d  t o  a n a l y s i s  o f  v a r i a n c e  and when 
a p p r o p r i a t e  t h e  r e g r e s s i o n  o f  r e s p o n s e  on t r e a t m e n t  was 
examined by o r t h o g o n a l  p o ly n o m ia l  c o e f f i c i e n t s .  The 
t h e o r e t i c a l  e r r o r  v a r i a n c e  (8 2 1 /n )  was u s e d  to  t e s t  t h e  
t r e a t m e n t  e f f e c t s ,  e x c e p t  i n  E x p e r im e n t  3 .5  i n  which  th e  
e x p e r i m e n t a l  e r r o r  d i f f e r e d  s i g n i f i c a n t l y  from t h e  
t h e o r e t i c a l  e s t i m a t e .  The s i g n i f i c a n c e  o f  
c o m p a r i s o n s  am ongs t  t r e a t m e n t  means was e s t a b l i s h e d  by t h e
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p r o t e c t e d  LSD m ethod .  The o v e r a l l  s u r v i v a l  r a t e s  o f  embryos
2
i n  e x p e r i m e n t s  4 and 5 were  compared by X t e s t .
3 . 4 .  R e s u l t s
3 . 4 . 1 .  E f f e c t s  o f  s u c r o s e  on t h e  d e v e l o p m e n t a l  p o t e n t i a l  o f  
f r e s h  embryos
The r e s u l t s  o f  E x p e r im e n t s  3 . 1 ,  3 .2  and 3 . 3  a r e  shown i n
T a b l e s  3 . 1 ,  3 . 2  and 3 . 3 .  I n  e a c h  e x p e r i m e n t  t h e  main  e f f e c t  
o f  s u c r o s e  c o n c e n t r a t i o n  was s i g n i f i c a n t  ( P < 0 .0 0 1 ) .  The 
r e g r e s s i o n  o f  s u c r o s e  c o n c e n t r a t i o n  on r e s p o n s e  i n v o l v e d  
s i g n i f i c a n t  (P < 0 .0 0 1 )  l i n e a r  (Exps 3 . 1 ,  3 .2  and 3 . 3 ) ,
q u a d r a t i c  (Exps 3.1  and 3 . 2 )  and c u b ic  e l e m e n t s  (Exps 3 . 1 ,  
3 .2  and 3 . 3 ) .
At 20°C, e x p o s u r e  t o  1 .0  M o r  l o w e r  c o n c e n t r a t i o n s  o f  
s u c r o s e  had  no  a d v e r s e  e f f e c t s  on t h e  d e v e l o p m e n t a l  
p o t e n t i a l  o f  em b ry o s .  I n  2 . 0  M -s u c ro s e  t h e  mean v i a b i l i t y  
was r e d u c e d  from 907, to  127, (P<0 .001)  and t h e  e f f e c t  o f  
d u r a t i o n  o f  e x p o s u r e  was s i g n f i c a n t  ( P < 0 . 0 0 1 ) .
At 25°C a f t e r  e x p o s u r e  t o  0, 0 . 2 5 ,  0 . 5 ,  1 .0  o r  2 .0  M
s o l u t i o n s  o f  s u c r o s e ,  99, 86, 92, 82 and 07, o f  t h e  embryos
r e s p e c t i v e l y  r e m a in e d  v i a b l e .  The r e d u c t i o n  compared  to  
c o n t r o l  was s i g n i f i c a n t  a t  c o n c e n t r a t i o n s  o f  1 .0  and 2 . 0  M 
( P < 0 . 0 0 1 ) .  The e f f e c t  o f  d u r a t i o n  o f  e x p o s u r e  was n o t  
s i g n i f i c a n t  (F < 1 ) .
At 3 6 °C t h e  v i a b i l i t y  o f  embryos was d e p r e s s e d  to  8 77, by
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0 .5  M s u c r o s e  ( c o n t r o l  947«, P< 0 .05)  and f u r t h e r  r e d u c e d  to  4 
and 17» by 1 .0  and 1 .5  M - s u c r o s e  r e s p e c t i v e l y  ( P < 0 . 0 0 1 ) .  At 
a l l  c o n c e n t r a t i o n s  t h e  i n c r e a s e  i n  e x p o s u r e  p e r i o d  c a u se d  
some d e c r e a s e  i n  t h e  d e v e l o p m e n t a l  p o t e n t i a l ;  o v e r a l l  t h i s  
e f f e c t  was s i g n i f i c a n t  ( P < 0 . 0 5 ) .
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T a b l e  3 . 1 .  The e f f e c t  o f  c o n c e n t r a t i o n  o f  s u c r o s e  and 
d u r a t i o n  o f  e x p o s u r e  a t  t h r e e  t e m p e r a t u r e s  (2 0 ,  25 and 36°C) 
on t h e  p e r c e n t a g e  o f  f r e s h  embryos d e v e l o p i n g  t o  t h e  
b l a s t o c y s t  s t a g e  (Exps 3 . 1 ,  3 .2  and 3 . 3 )
Exp n o . S u c r o s e E x p o su re p e r i o d (min) Mean
( t e m p . ) c o n e . (M) 10 20 30
3.1 0 88 90 93 90a
0 .2 5 93 90 93 92a
(20°C) 0 .5 95 90 85 90a
n=40 1 .0 93 80 95 8 9 a
2 .0 35 0 0 1 2b
Mean 80 70 73 75
3 .2 0 97 100 100 9 9 a
0 .2 5 90 80 87 8 6 ab
(25 °C) 0 .5 93 93 90 92ab
n=30 1 .0 90 83 73 82b
2 .0 0 0 0 oc
Mean 74 71 70 72
3 .3 0 97 93 92 94d
0 .5 92 88 80 8 7 e
(36 °C) 1 .0 10 3 0 4 f
n=60 1.5 3 0 0 1f
Mean 50 46 43 47
Means w i t h i n  t h e  same e x p e r i m e n t  w i t h  d i f f e r e n t s u p e r s c r i p t s
d i f f e r s i g n i f i c a n t l y ( a ,  b ,  c ,  P<0 .001 ;  d , e ,  f , P < 0 . 0 5 ) .
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T a b le  3 . 2 .  A n a l y s i s  o f v a r i a n c e  o f E x p er im en t 3.1
SOURCE D.F . SQ MQ F P
R e p l i c a t i o n s 3 78 .349
T r e a tm e n t s (14) (291 01 .870)
C o n c e n t r a t i o n  (C) (4) (2 6 3 6 2 .0 5 8 )
C - l i n e a r 1 13314.133 162.17 P<0.001
C - q u a d r a t i c 1 970 4 .5 9 2 11 8 .2 0 P<0.001
C - c u b ic 1 2 8 2 6 .0 9 6 3 4 .4 2 P<0.001
C - q u i n t i c 1 517 .237 6 .3 0 P < 0 .025
P e r i o d  (P) (2) (8 5 5 .4 9 5 )
P - l i n e a r 1 3 2 0 .5 2 6 3 .9 0 P<0.05
P - q u a d r a t i c 1 5 3 4 .9 7 0 6 .5 2 P<0.025
I n t e r a c t i o n s  (CxP) (8) (188 4 .3 1 6 )
C - l i n  x P - l i n 1 869.749 10 .59 P<0.005
C - l i n  x P -quad 1 302.851 3 .6 9 P<0.1
C-quad x P 2 105.657 1 .29 P>0 .25
C - c u b ic  x P 2 121 .516 1 .48 P>0.1
C - q u i n t i c  x P 2 128 .685 1 .56 P>0.1
T h e o r t i c a l  e r r o r
v a r i a n c e 82.1
T o t a l 59 3 1 5 2 0 . 6 0 7
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T a b le  3 . 3 .  A n a l y s i s  o f v a r i a n c e  o f E x p e r im en t 3 .2
SOURCE D.F SQ MQ F P
R e p l i c a t i o n s 2 326 .5 3 2
T r e a tm e n t s (14) (2 9 6 7 9 .7 0 6 )
C o n c e n t r a t i o n  (C) (4) (2 9 1 7 3 .1 )
C - l i n e a r 1 18304.991 2 2 3 .9 6 P<0.001
C - q u a d r a t i c 1 6 4 4 9 .0 1 6 78 .5 5 P<0.001
C - c u b ic 1 4 4 1 7 .5 6 3 53.81 P<0.001
C - q u i n t i c 1 1 .521 F<1
P e r i o d 2 8 8 .7 9 7 4 4 .3 9 8 F<1
I n t e r a c t i o n  (CxP) 8 4 1 7 .8 1 8 5 2 .227 F<1
T h e o r e t i c a l  e r r o r
v a r i a n c e  82 .100
T o t a l 44 31 6 6 3 .1 7 9
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Table 3.4. Analysis of variance of Experiment 3.3.
SOURCE D.F. SQ MQ F P
Replications 4 825.501
Treatments a n (56397.971)
Concentration (C) (3) (5571 9.8)
C-linear 1 48270.231 705.5 P<0.001
C-quadratic 1 21 .432 F<1
C-cubic 1 7428.173 108.6 P<0.001
Period(P) 2 547.71 2 273.856 4.0 P<0.05
Interaction (C x P) 6 130.423 21.737 F<1
Theoretical error
variance 68.42
Total 59 59370.581
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3 . 4 . 2 .  S u c r o s e  d i l u t i o n  o f  g l y c e r o l  from f r o z e n - th a w e d  
embryos
On a v e r a g e  90 - 957, o f  embryos f r o z e n  were  r e c o v e r e d
a f t e r  t h a w in g .
3 . 4 . 2 . 1 .  E f f e c t s  o f  th aw in g  r a t e ,  t e m p e r a t u r e  d u r i n g  g l y c e r o l  
r e m o v a l  and c o n c e n t r a t i o n  o f  s u c r o s e
I n  E x p e r im e n t s  3 . 4  and 3 . 5 ,  i n  which  t h e  f r e e z i n g  medium 
and t h e  s u c r o s e  d i l u e n t  were  mixed im m e d ia te ly  b e f o r e  
f r e e z i n g ,  t h e  v i a b i l i t y  o f  f r o z e n - t h a w e d  embryos was b e t t e r  
when t h e  g l y c e r o l  c o n c e n t r a t i o n  i n  t h e  f r e e z i n g  medium was 
3 . 0  M t h a n  when i t  was 2 . 0  M (Exps 3 .5  and 3 . 4 ,  167, and
0 . 0 37» r e s p e c t i v e l y ,  P < 0 . 0 0 1 ) .  In  E x p e r im e n t  3 . 4  no more t h a n  
1 f r o z e n - t h a w e d  embryo d e v e lo p e d  from any t r e a t m e n t  g ro u p .
I n  E x p e r im e n t  3 .5  t h e  t h a w in g  t e m p e r a t u r e  d id  n o t  a f f e c t  t h e  
s u r v i v a l  r a t e  ( 2 0 °C, 157»; 3 6 °C, 17.2%) and d i d  n o t  i n t e r a c t  
w i t h  o t h e r  f a c t o r s  (F < 1 ) .  The mean dev e lo p m en t  r a t e s  o v e r  
r e p l i c a t e s  and th aw in g  t e m p e r a t u r e s  a r e  shown i n  T a b le  3 .5  
and  t h e  r e s u l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  i n  T a b le  3 . 6 .  
The e f f e c t s  o f  t e m p e r a t u r e  d u r i n g  g l y c e r o l  r em o v a l  and 
s u c r o s e  c o n c e n t r a t i o n  i n  t h e  d i l u e n t  were  h i g h l y  s i g n i f i c a n t  
( P < 0 . 0 0 1 ) .  The v i a b i l i t y  was m a rk e d ly  h i g h e r  a f t e r  removing 
t h e  g l y c e r o l  a t  20°C (25.37», 81 /320)  t h a n  a t  37°C (6.97»,
2 2 / 3 2 0 ) .  At b o t h  g l y c e r o l  r em o v a l  t e m p e r a t u r e s  t h e  b e s t  
s u r v i v a l  was a c h i e v e d  when t h e  d i l u e n t  c o n t a i n e d  1 .0  M-
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sucrose. There was a significant (P<0.01) interaction 
between the two factors; the effect of glycerol removal 
temperature was important when the diluent contained 1.0 or 
1.5 M-sucrose, but not at 0.25 or 0.5 M concentration.
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T a b le  3 . 5 .  The e f f e c t  o f  t e m p e r a t u r e  d u r i n g  g l y c e r o l  
rem o v a l  and c o n c e n t r a t i o n  o f  s u c r o s e  d i l u e n t  on t h e  
p e r c e n t a g e  o f  f r o z e n - t h a w e d  embryos d e v e l o p i n g  to  b l a s t o c y s t
s t a g e  (Exp. 3 . 5 )
T e m p e r a tu r e C o n c e n t r a t i o n  o f  s u c r o s e  (M)
d u r i n g
d i l u t i o n 0 .2 5  0 .5  1 .0 1 .5 Mean
20°C 1a 10b 51c 39d 25 .3
36°C 0a 9b 18b 1a 6 .9
Mean 0 . 6  9 .3  3 4 .4  20 16.1
The number  o f  embryos p e r  t r e a t m e n t  c o m b i n a t i o n  was 60. 
Means w i t h  d i f f e r e n t  s u p e r s c r i p t s  a r e  s i g n i f i c a n t l y  (P<0 .05)
d i f f e r e n t .
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Table 3.6. Analysis of variance of Experiment 3.5.
SOURCE D.F. SQ MQ F P
Replications 1 409.624
Treatments (15) (6118.115)
Thawing temp. (T) 1 4.598 F<1
Dilution temp. (D) 1 1578.799 20.40 PC0.001
Sucrose cone. (S) 3 2826.650 942.217 12.18 PC0.001
Interactions (10) (17 08.068)
T x D 1 13.715 F<1
T x S 3 69.577 F<1
D x S 3 473.057 6.1 1 P<0.01
T x D x S 3 22.151 F<1
Experimental error 15 1160.801 77.387
Total 31 7688.539
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3 . 4 . 2 . 2 .  E f f e c t s  o f  t im e  o f  m ix in g  and s u c r o s e  c o n c e n t r a ­
t i o n  i n  t h e  d i l u e n t
In  E x p e r im e n t  3 .6  t h e  t im e  o f  m ix ing  and t h e  s u c r o s e  
c o n c e n t r a t i o n  o f  t h e  d i l u e n t  s i g n i f i c a n t l y  (P<0.001 and 
P<0 .005  r e s p e c t i v e l y )  a f f e c t e d  t h e  d e v e l o p m e n t a l  p o t e n t i a l  
o f  f r o z e n - t h a w e d  embryos ( T a b le s  3 . 7  and 3 . 8 ) .  M ixing  th e  
d i l u e n t  and f r e e z i n g  medium a f t e r  th aw in g  r e s u l t e d  i n  
s u b s t a n t i a l l y  h i g h e r  v i a b i l i t y  (657>, 1 1 7 /1 8 0 )  t h a n  m ix in g
b e f o r e  f r e e z i n g  (37%, 6 7 / 1 8 0 ) .  T h e re  was an i n t e r a c t i o n  
b e tw e e n  t h e  two f a c t o r s  ( P < 0 . 0 5 ) .  The e f f e c t  o f  s u c r o s e  
c o n c e n t r a t i o n  was s i g n i f i c a n t  when t h e  m ix in g  was done 
b e f o r e  f r e e z i n g  ( P < 0 .0 0 1 ) ,  b u t  n o t  when i t  was done a f t e r  
th aw in g  ( P > 0 . 1 ) .
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T a b l e  3 .7  The e f f e c t s  o f  t im e  o f  m ix in g  t h e  f r e e z i n g  medium 
( 3 . 0  M - g l y c e r o l  + 0 .2 5  M - s u c r o s e )  and d i l u e n t ,  and
c o n c e n t r a t i o n  o f  s u c r o s e  d i l u e n t  on t h e  p e r c e n t a g e  o f  
f r o z e n - t h a w e d  embryos d e v e l o p i n g  to  b l a s t o c y s t s  (Exp .  3 . 6 )
Time o f  m ix ing S u c ro se
0 .5
cone.(M ) 
1 .0 1 .5
Me an
B e fo re  f r e e z i n g 1 8a 40b 53c 37
A f t e r  th a w in g 58 73 63 65
Mean 38 56 58 51
The number o f  embryos p e r  t r e a t m e n t  c o m b i n a t i o n  was 60. 
Means w i t h i n  t h e  same row w i t h  d i f f e r e n t  s u p e r s c r i p t s  d i f f e r  
s i g n i f i c a n t l y  ( P < 0 . 0 1 ) .
81
Table 3.8 Analysis of variance of Experiment 3.6.
SOURCE D .F. SQ MQ F P
Replications 2 300.329
Treatments (5) (1977.841)
Time of mixing (M) 1 1 175.155 28.63 PC0.001
Sucrose cone. (S) (2) (536.6)
S-linear 1 422.572 10.29 P<0.005
S-quadratic 1 114.027 2.78 PC0.10
Interaction (MxS) (2) (266.1)
M x S-linear 1 241.831 5.89 PC0.025
M x S-quadratic 1 24.255 F<1
Theoretical error 
variance
Total 17
41 .05
2743.448
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3.4.2.3. Effects of glycerol concentration in the freezing 
medium and sucrose concentration in the diluent
In Experiment 3.7, in which the freezing medium and the 
sucrose diluent were mixed after thawing, the concentration 
of glycerol in the freezing medium had a highly significant 
(P<0.001) effect on the viability of embryos (Tables 3.9 and 
3.10). At glycerol concentrations of 2.0, 3.0 and 4.0 M, 
respectively, 26, 73 and 607o of the frozen-thawed embryos 
developed in culture. There was an interaction between the 
glycerol concentration of the freezing medium and the 
sucrose concentration of the diluent (P<0.025). The effect 
of sucrose concentration was significant (P<0.025) for 
embryos frozen in 2.0 M-glycerol, but not for those frozen 
in 3.0 or 4.0 M-glycerol.
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T a b le  3 . 9 .  The e f f e c t  o f  c o n c e n t r a t i o n  o f  g l y c e r o l  i n  th e  
f r e e z i n g  medium and t h e  c o n c e n t r a t i o n  o f  s u c r o s e  i n  t h e  
d i l u e n t  on t h e  p e r c e n t a g e  o f  f r o z e n - t h a w e d  embryos 
d e v e l o p i n g  to  b l a s t o c y s t  s t a g e  (Exp. 3 . 7 )
G l y c e r o l  c o n e .  (M) i n  
f r e e z i n g  medium 0 .5
S u c r o s e  c o n e .  
1 .0
(M)
1 .5
Mean
2 .0 20 18 38 26a
3 .0 80 73 65 73b
4 . 0 57 57 67 60b
Mean 52 49 57 53
The number o f  embryos p e r  t r e a t m e n t  c o m b i n a t i o n  was 60. 
Means w i t h i n  t h e  same column w i t h  d i f f e r e n t  s u p e r s c r i p t s  
a r e  s i g n i f i c a n t l y  (P < 0 .0 0 1 )  d i f f e r e n t .
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Table 3.10. Analysis of variance of Experiment 3.7
SOURCE D .F. SQ MQ F P
Replications 2 146.417
Treatments (8) (4674.237)
Glycerol cone. (G) (2) (4010.396)
G-linear 1 2212.233 53.88 P<0.001
G-quadratic 1 1798.163 43.80 P<0.001
Sucrose cone. (S) 2 167.595 83.797 2.04 P>0.1
Interaction (GxS) 4 496.246 124.061 2.99 P<0.025
Theoretical error
variance 41 .05
Total 26 5865.233
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3 . 5 .  D i s c u s s i o n
R e n a r d , Heyman 5c O z i l  (1982)  and L e ib o  (1983)  t e s t e d  t h e  
t o x i c i t y  o f  s u c r o s e  u s i n g  s m a l l  numbers  o f  c a t t l e  embryos 
and found t h a t  a t  l o w e r  c o n c e n t r a t i o n s  t h a n  s t u d i e d  h e r e ,  
t h e r e  were  no d e t r i m e n t a l  e f f e c t s .  K a s a i ,  Niwa & I r i t a n i  
(1981)  s t u d i e d ,  t h e  e f f e c t  o f  e x p o s in g  mouse m o r u la e  t o  0 .7 5  
M - s u c r o s e  s o l u t i o n  a t  d i f f e r e n t  t e m p e r a t u r e s .  Compared to  
t h e  PBS c o n t r o l ,  t h e  s u c r o s e  s o l u t i o n  had a p r o t e c t i v e  
e f f e c t  a t  0°C, b u t  a t  20°C i t  r e d u c e d  t h e  v i a b i l i t y  
f o l l o w i n g  e x p o s u r e s  f o r  more t h a n  3 h .  I n  t h e  p r e s e n t  
e x p e r i m e n t s ,  mouse embryos l o s t  t h e i r  d e v e lo p m e n ta l  
p o t e n t i a l  w i t h  a c c e l e r a t e d  r a p i d i t y  ( q u a d r a t i c  and h i g h e r  
r e g r e s s i o n  com ponen ts )  a s  t h e  c o n c e n t r a t i o n  o f  s u c r o s e  was 
i n c r e a s e d  from z e r o  to  2 . 0  M. T h is  s h a r p  d e c l i n e  o c c u r r e d  
a t  lo w e r  c o n c e n t r a t i o n s  a f t e r  l o n g e r  e x p o s u r e  p e r i o d s  and a t  
h i g h e r  t e m p e r a t u r e s .  I t  became e v i d e n t  t h a t  t h e  t o x i c  
e f f e c t s  o f  s u c r o s e  depend n o t  o n l y  on i t s  c o n c e n t r a t i o n  and 
t h e  d u r a t i o n  o f  e x p o s u r e ,  b u t  a l s o  on t h e  t e m p e r a t u r e .  T h is  
f i n d i n g  i s  i n  a g re e m e n t  w i t h  t h e  r e s u l t s  o f  K a s a i ,  Niwa Sc 
I r i t a n i  (1 981 ) .
I n  t h e  p r e s e n t  embryo f r e e z i n g  p r o c e d u r e  s u c r o s e  h a s  two 
r o l e s .  When i n c l u d e d  i n  t h e  f r e e z i n g  medium, s u c r o s e  c a u s e s  
t h e  embryos to  s h r i n k  by l o s i n g  w a t e r ,  so t h a t  i n t r a c e l l u l a r  
i c e  f o r m a t i o n  i s  r e d u c e d  (Mazur, 1970) and t h e  embryos can 
be  f r o z e n  r a p i d l y  and w i t h o u t  s e e d i n g  (Nguyen, Renard 5c 
G a m i e r ,  19 83; R e n a rd ,  Bui-Xuan-Nguyen & G a m i e r ,  1984;
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T ak ed a ,  E l s d e n  & S e i d e l ,  1 9 8 4 ) .  The work o f  t h e s e  a u th o r s  
i n d i c a t e d  t h a t  t h e  optimum c o n c e n t r a t i o n  o f  s u c r o s e  i n  t h e  
f r e e z i n g  medium i s  a ro u n d  0 . 2 5 - 0 . 5  M.
The m e c h a n i s t i c  b a s i s  o f  s u c r o s e  d i l u t i o n  i s  d e s c r i b e d  by 
L e ib o  (19 84) and S c h n e i d e r  & Mazur (19 8 4 ) .  The s u c r o s e  
s o l u t i o n  c o n t r o l s  t h e  d e g r e e  o f  s w e l l i n g  d u r i n g  
c r y o p r o t e c t a n t  r e m o v a l  by c o u n t e r a c t i n g  t h e  i n i t i a l l y  h i g h  
i n t r a c e l l u l a r  o s m o l a r i t y  o f  t h e  c r y o p o t e c t a n t  p e rm e a te d  
c e l l s .  As t h e  c r y o p o t e c t a n t  l e a v e s  t h e  c e l l s ,  to  m a i n t a i n  
o s m o t i c  e q u i l i b r i u m ,  t h e  embryos w i l l  l o s e  w a t e r  and s h r i n k .  
In  p h y s i o l o g i c a l  medium t h e  c e l l s  r e g a i n  t h e i r  o r i g i n a l  
v o lu m e .  A wide  r a n g e  o f  c o n d i t i o n s  h a s  b e e n  u se d  f o r  
r e m o v a l  o f  c r y o p r o t e c t a n t  by s u c r o s e  d i l u t i o n  from f r o z e n -  
thawed em bryos .  The m o l a r i t y  o f  s u c r o s e  s o l u t i o n s  h as  
v a r i e d  from 0 .2 5  t o  2 .0  M, t h e  r a t e  o f  d i l u t i o n  from a bou t  
5 -  t o  2 0 - f o l d  and t h e  t e m p e r a t u r e  from 20 t o  37°C (C h u p in ,  
F l o r i n  & P r o c u r e u r ,  1984; L e ib o ,  1983, 1984; M erry ,  A l l e n ,  
Krag & W r i g h t ,  1983; T ak ed a ,  E l s d e n  & S e i d e l ,  1 9 8 4 ) .  L e ib o  
(19 84) found t h a t  u n d e r  f i e l d  c o n d i t i o n s  t h e  p re g n a n c y  r a t e  
from t h e  t r a n s f e r  o f  f r o z e n - t h a w e d  c a t t l e  embryos d e c r e a s e d  
s h a r p l y  when t h e  a m b ie n t  t e m p e r a t u r e  d u r i n g  s u c r o s e  d i l u t i o n  
e x c e e d e d  25 °C, and s u g g e s t e d  t h a t  t h e  embryos may be  
s e n s i t i v e  t o  h i g h  c o n c e n t r a t i o n s  o f  s u c r o s e  a t  e l e v a t e d  
t e m p e r a t u r e s .  The p r e s e n t  r e s u l t s  on f r e s h l y  c o l l e c t e d  
mouse embryos showed t h a t  t h e  h i g h e r  t h e  t e m p e r a t u r e ,  t h e  
more s e n s i t i v e  t h e  embryos w ere  to  s u c r o s e .  These  f i n d i n g s  
were  c o n f i r m e d  i n  e x p e r i m e n t s  w i t h  f r o z e n - t h a w e d  embryos;
87
the increased temperature had adverse effects on embryos 
diluted with the two higher concentrations of sucrose.
The chances of survival were improved by removing the 
glycerol at 20°C and mixing the freezing medium with the 
diluent after thawing rather than just before freezing. The 
effect of time of mixing can be explained by the changes in 
the glycerol concentration. After mixing there was an 11-fold 
decrease in the extracellular concentration; however, the 
reduction in the intracellular glycerol content must have 
been much smaller. The reason for this assumption is that 
only about 1 sec elapsed between mixing and placing the 
straw in liquid nitrogen vapour, after which glycerol 
permeability of the embryos decreased sharply because of its 
dependence on the temperature (Schneider Sc Mazur, 1984). 
The suggestion that the effect of time of mixing is mainly 
due to changes in extracellular concentration of glycerol is 
in accord with the conclusion of Mazur (197 7) that the 
external cell surface is especially vulnerable to freezing 
damage and must be protected during freezing.
The results of Experiments 3.4, 3.5 and 3.7 show that a
higher concentration of glycerol is necessary to protect the 
embryos during rapid freezing in liquid nitrogen vapour than 
is necessary for freezing at a controlled rate (Leibo Sc 
Mazur, 1974b). Under the conditions tested here, the optimum 
concentration of sucrose for cryoprotectant removal did not 
increase at higher concentrations of glycerol.
The effect of sucrose concentration in the range 0.5-1.5
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M was significant only when the embryos were mixed with the 
diluent before freezing or the freezing medium contained 
2.0-M glycerol. In the former case the sucrose 
concentration in the diluent largely affected the
composition of the medium surrounding the embryos during 
freezing and thawing. This is more likely to account for 
the effect of sucrose concentration than the osmotic 
behaviour of embryos during glycerol removal since there 
was no significant effect on embryos frozen in 3.0 or 4.0 M- 
glycerol and mixed after thawing. When the freezing medium 
contained 2.0 M-glycerol the effect of sucrose concentration 
in the diluent was caused probably by the fact that these
solutions left a coating on the wall of the straw during
loading which increased the sucrose concentration of the 
freezing medium. These alterations did not affect the
viabilty of embryos frozen in higher concentrations of 
glycerol.
Some of the present experiments are directly comparable 
with those of Takeda, Elsden St Seidel (1984). The survival 
rate reported here is lower, especially when the freezing 
medium contained 2.0 M-glycerol, or the embryos were exposed 
to 2.0 M-sucrose. This cannot be completely explained by 
differences in the method of freezing, culture medium and 
definition of survival rate. The above authors did not 
specify whether survival rate was calculated in relation 
to the number of embryos frozen, recovered after thawing, or 
intact after thawing. In the present experiments the
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embryos were frozen in liquid nitrogen vapour because many 
straws cracked after direct transfer into liquid nitrogen.
In summary, under the conditions tested, the rapidly 
frozen embryos survive just as well when thawed in a 20 or 
36°C water bath; however, when the latter is used the straw 
should be placed in a 20°C environment during the sucrose 
dilution. Optimal results were obtained when the freezing 
medium contained 3.0 M-glycerol + 0.25 M-sucrose and was 
mixed with the sucrose diluent after thawing. Under these 
conditions the sucrose concentration of the diluent did not 
affect the results significantly within the range of 0.5 to 
1 .5 M.
90
CHAPTER 4: EQUILIBRATION OF MOUSE EMBRYOS BEFORE RAPID
FREEZING IN GLYCEROL-SUCROSE
4 . 1 .  Summary
The t im e  r e q u i r e m e n t s  f o r  p e r m e a t i o n  by g l y c e r o l  and 
d e h y d r a t i o n  by s u c r o s e  b e f o r e  r a p i d  f r e e z i n g  o f  Day-3 mouse 
embryos by d i r e c t  t r a n s f e r  to  -180°C w ere  s t u d i e d .  When t h e  
embryos were  e q u i l i b r a t e d  i n  2 . 0 ,  3 . 0 ,  o r  4 .0  M - g l y c e r o l  +
0 .2 5  M - s u c r o s e  f o r  2 .5  to  40 min ,  t h e  p o s t - t h a w  v i a b i l i t y  
i n c r e a s e d  (P<0 .001)  w i t h  t h e  l e n g t h  o f  e q u i l i b r a t i o n  p e r i o d  
a t  4°C. At 2 0 °C t h e  volume o f  embryos i n c r e a s e d  w i t h  t h e  
d u r a t i o n  o f  e q u i l i b r a t i o n  up t o  20 min ( P < 0 .0 0 1 ) ,  b u t  th e  
p o s t - t h a w  v i a b i l i t y  was n o t  a f f e c t e d  ( P > 0 . 1 ) .
The e f f e c t  o f  e q u i l i b r a t i o n  i n  g l y c e r o l - s u c r o s e  was 
d e t e r m i n e d  a t  20°C f o r  embryos which  w ere  p r e v i o u s l y  
p e rm e a te d  by g l y c e r o l ,  d e h y d r a t e d  by s u c r o s e  o r  l e f t  i n  PBS 
+ 5?o FCS. T h e re  was a n  i n t e r a c t i o n  b e tw e e n  t h e  e f f e c t s  o f
p re t r e a tm e n t s  and t h e  d u r a t i o n  o f  e q u i l i b r a t i o n  (P< 0 . 0 1 ) .  The 
s u r v i v a l  o f  p r e v i o u s l y  p e rm e a te d  embryos was n o t  a f f e c t e d  by 
e q u i l i b r a t i o n  f o r  1 t o  16 min i n  g l y c e r o l - s u c r o s e .  The 
maximum s u r v i v a l  r a t e  was a t t a i n e d  a f t e r  s h o r t e r  
e q u i l i b r a t i o n  i n  g l y c e r o l - s u c r o s e  f o r  embryos w i t h o u t  
p r e t r e a t m e n t  (4  min) t h a n  f o r  t h o s e  p r e v i o u s l y  d e h y d r a t e d  (8 
min) .
I t  i s  c o n c lu d e d  t h a t  i n c r e a s e s  i n  t h e  i n t r a c e l l u l a r  
g l y c e r o l  l e v e l  a r e  b e n e f i c i a l  f o r  t h e  s u r v i v a l  o f  r a p i d l y
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f r o z e n  mouse embryos and p r e v i o u s  o r  concom m itan t  e x p o su re  
to  s u c r o s e  u n f a v o u r a b l y  a f f e c t s  g l y c e r o l  p e r m e a t i o n .
4 . 2 .  I n t r o d u c t i o n
The s u r v i v a l  o f  f r o z e n  embryos i s  r e d u c e d  by v e r y  h i g h  o r  
v e r y  low f r e e z i n g  r a t e s  (Mazur,  1980) .  The h a r m f u l  e f f e c t s  
o f  s u p r a o p t i m a l  and s u b o p t i m a l  f r e e z i n g  r a t e s  w ere  e x p l a i n e d  
by two main c a u s e s  o f  c e l l u l a r  d e a t h  d u r i n g  f r e e z i n g  and 
th a w in g ,  i n t r a c e l l u l a r  i c e  f o r m a t i o n  and s o l u t i o n  e f f e c t s  
(Mazur,  1970) .  I n t r a c e l l u l a r  i c e  f o r m a t i o n  o c c u r s  a t  
s u p r a o p t i m a l  f r e e z i n g  r a t e s  when t h e  c e l l s  a r e  n o t
s u f f i c i e n t l y  d e h y d r a t e d  a t  a g i v e n  s u b z e r o  t e m p e r a t u r e .  
D e h y d r a t i o n  by s low  f r e e z i n g  r a t e s  (L e ib o ,  McGrath  Sc 
C r a v a l h o ,  1978; W h it t in g h a m  e t  a l .  , 1979) o r  by e x p o s u r e  to  
a n o n p e rm e a b le  s o l u t e  (Nguyen,  Renard  5c G a m i e r ,  1983)  
p r o t e c t s  t h e  c e l l s  a g a i n s t  i n t r a c e l l u l a r  i c e  f o r m a t i o n .
The o t h e r  main  form o f  c e l l u l a r  d e a t h  i s  c a u se d  by 
a l t e r a t i o n s  i n  t h e  c y to p la s m  and t h e  s u r r o u n d i n g  medium. 
As t h e  l i q u i d  w a t e r  c o n t e n t  o f  t h e s e  c o m p ar tm en ts  i s  
t r a n s f o r m e d  i n t o  i c e ,  t h e  s a l t  c o n c e n t r a t i o n  i n  t h e
r e m a in i n g  u n f r o z e n  f r a c t i o n  d r a s t i c a l l y  i n c r e a s e s .  T hese  
ch an g e s  were  r e f e r r e d  to  a s  s o l u t i o n  e f f e c t s  by L o v e lo ck  
(19 5 3 a ,  b) who found t h a t  t h e  c e l l s  d i e d  when t h e  s a l t
c o n c e n t r a t i o n  i n  t h e  s u s p e n d i n g  medium r e a c h e d  a c r i t i c a l  
l e v e l  d u r i n g  f r e e z i n g .  As a r e s u l t  o f  damage c a u se d  by
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s o l u t i o n  e f f e c t s ,  mammalian c e l l s  i r r e s p e c t i v e  o f  t h e  d e g re e  
o f  d e h y d r a t i o n  do n o t  s u r v i v e  f r e e z i n g  be low  a b o u t  -20°C 
u n l e s s  t h e  f r e e z i n g  medium c o n t a i n s  c r y o p r o t e c t a n t s . The
c r y o p r o t e c t i v e  e f f e c t  o f  g l y c e r o l  h a s  b e e n  a t t r i b u t e d  to  i t s  
a b i l i t y  t o  r e d u c e  t h e  s a l t  c o n c e n t r a t i o n  i n  t h e  u n f r o z e n  
f r a c t i o n  o f  p a r t l y  f r o z e n  s o l u t i o n s  (L o v e lo c k ,  1953b; R a i l ,  
Mazur & Souzu,  1 9 7 8 ) .  A c c o rd in g  to  t h e  t w o - f a c t o r  t h e o r y  
(Mazur,  1963,  1970) on f r e e z i n g  damage,  s o l u t i o n  e f f e c t s  
p r e v a i l  when t h e  c e l l s  a r e  exposed  to  h i g h  s a l t
c o n c e n t r a t i o n s  f o r  p r o l o n g e d  p e r i o d s  d u r i n g  s u b o p t i m a l  
f r e e z i n g  r a t e s .
To p r o t e c t  a g a i n s t  h i g h  i n t r a c e l l u l a r  s a l t  
c o n c e n t r a t i o n s ,  g l y c e r o l  must  p e rm e a te  t h e  c e l l s  o t h e r w i s e  
s o l u t i o n  e f f e c t s  would  p r e v a i l  i n t r a c e l l u l a r l y . G l y c e r o l  
p e r m e a t i o n  c a n n o t  o c c u r  d u r i n g  f r e e z i n g ,  e s p e c i a l l y  n o t  
d u r i n g  r a p i d  f r e e z i n g ,  b e c a u s e  o f  a d r a m a t i c  d e c r e a s e  i n  t h e  
p e r m e a b i l i t y  o f  embryos to  g l y c e r o l  a t  s u b f r e e z i n g  
t e m p e r a t u r e s .  L e ib o  (1986) c o n c lu d e d  t h a t  embryos became 
p r a c t i c a l l y  im perm eab le  to  g l y c e r o l  d u r i n g  f r e e z i n g .  The 
r o l e  o f  i n t r a c e l l u l a r  g l y c e r o l  i n  t h e  c r y o p r o t e c t i o n  o f  
embryos can  b e  s t u d i e d  u n d e r  c o n d i t i o n s  which  p r o v i d e  
v a r i o u s  d e g r e e s  o f  p e r m e a t i o n  b e f o r e  f r e e z i n g .  The need  f o r  
g l y c e r o l  p e r m e a t i o n  b e f o r e  f r e e z i n g  was d e m o n s t r a t e d  f o r  
mouse u n f e r t i l i z e d  eggs and 1 - c e l l  embryos ( J a c k o w s k i  & 
L e ib o ,  1976) ,  b u t  i n c r e a s i n g  t h e  d u r a t i o n  o r  t e m p e r a t u r e  o f  
e q u i l i b r a t i o n  i n  g l y c e r o l  had no e f f e c t  on t h e  v i a b i l i t y  o f  
f r o z e n - t h a w e d  8 - c e l l  embryos (L e ibo  & Mazur, 1 9 7 4 a ) .  These
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d i f f e r e n c e s  can  be  e x p l a i n e d  by t h e  i n c r e a s e  i n  th e
p e r m e a b i l i t y  o f  mouse eggs a t  f e r t i l i z a t i o n  ( 3 - f o l d )  and 
a f t e r  f u r t h e r  d e v e lo p m en t  to  8 - c e l l  s t a g e  ( 1 0 - f o l d )  (Mazur 
e t  a l . , 1976; J a c k o w s k i ,  L e ib o  & Mazur,  1 9 8 0 ) .  S o l u t i o n
e f f e c t s  become l e s s  s e v e r e  w i t h  h i g h e r  f r e e z i n g  r a t e s  when 
t h e  d u r a t i o n  o f  e x p o s u r e  i s  r e d u c e d  (Mazur, 1980) s u g g e s t i n g  
t h a t  t h e  p r o t e c t i v e  r o l e  o f  g l y c e r o l  may become l e s s  
i m p o r t a n t  f o r  embryos f r o z e n  r a p i d l y .  However, e x p e r i m e n t s  
d e s c r i b e d  i n  C h a p te r  3 showed t h a t  embryos d e h y d r a t e d  by 
s u c r o s e  and f r o z e n  a t  e x t r e m e l y  h i g h  r a t e s  r e q u i r e d  h i g h e r  
e x t r a c e l l u l a r  c o n c e n t r a t i o n s  o f  g l y c e r o l  f o r  s u r v i v a l  t h a n  
t h o s e  f r o z e n  by t r a d i t i o n a l  s low  r a t e  f r e e z i n g  (L e ib o  & 
Mazur,  1 9 7 4 b ) .  The aim o f  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  
C h a p t e r  was to  exam ine  t h e  r o l e  o f  i n t r a c e l l u l a r
g l y c e r o l  and t h e  t im e  r e q u i r e m e n t s  f o r  d e h y d r a t i o n  by 
s u c r o s e  b e f o r e  r a p i d  f r e e z i n g  o f  8 -  to  1 6 - c e l l  mouse 
e m b r y o s .
4 . 3 .  D es ig n  and e v a l u a t i o n  o f  e x p e r i m e n t s  
4 . 3 . 1 .  Osmotic  s t u d i e s
The o s m o t ic  b e h a v i o u r  o f  t h e  embryos was s t u d i e d  a t  20°C 
i n  g l y c e r o l - s u c r o s e  s o l u t i o n s  ( 2 . 0 ,  3 .0  o r  4 . 0  M - g l y c e r o l  +
0 .2 5  M -s u c r o s e )  by t a k i n g  p h o t o g r a p h s  a f t e r  2 . 5 ,  5,  10,  20
and 40 min e x p o s u r e  (Exp.  4 . 1 ) .  E x p e r im e n t  4.1 had  5 
r e p l i c a t i o n s .
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4 . 3 . 2 .  Embryo f r e e z i n g
I n  E x p e r im e n t s  4 . 2  and 4 . 3  t h e  embryos w ere  e q u i l i b r a t e d  
b e f o r e  f r e e z i n g  f o r  2 . 5 ,  5, 10, 20 o r  40 min i n  g l y c e r o l -  
s u c r o s e  s o l u t i o n s  ( 2 . 0 ,  3 . 0  o r  4 . 0  M - g l y c e r o l  + 0 .2 5  M- 
s u c r o s e )  a t  4°C (Exp. 4 . 2  ) o r  20°C (Exp. 4 . 3 ) .  E x p e r im e n ts  
4 . 2  and 4 . 3  had 3 and 5 r e p l i c a t i o n s  r e s p e c t i v e l y  i n  each  o f  
which  20 embryos were  f r o z e n  p e r  e x p e r i m e n t a l  g ro u p .
E x p e r im e n t s  4 . 4  and 4 . 5  w e re  d e s i g n e d  t o  a s s e s s  t h e  t im e  
r e q u i r e m e n t s  f o r  p e r m e a t i o n  by g l y c e r o l  i n d e p e n d e n t l y  from 
t h o s e  f o r  d e h y d r a t i o n  by s u c r o s e .  In  Exp. 4 . 4  t h e  embryos 
were  f i r s t  d e h y d r a t e d  i n  0 . 25  M -s u c ro s e  a t  20°C (10 min) 
and t h e n  p l a c e d  i n t o  4 . 0  M - g l y c e r o l  + 0 . 2 5  M - s u c r o s e  a t  4°C 
f o r  2 . 5 ,  5,  10,  20 o r  40 min b e f o r e  f r e e z i n g .  E x p e r im e n t  4 . 5  
was p e r f o r m e d  a t  20°C; t h e  embryos w ere  d e h y d r a t e d  by 0 . 2 5  
M - s u c r o s e  (10 min) o r  e q u i l i b r a t e d  w i t h  4 . 0  M - g l y c e r o l  (10 
min) o r  l e f t  i n  PBS + 57o FCS b e f o r e  b e i n g  exp o sed  t o  4 . 0  M- 
g l y c e r o l  + 0 . 25  M - s u c r o s e  f o r  1, 2,  4,  8 o r  16 min and t h e n  
f r o z e n .  E x p e r im e n t s  4 . 4  and 4 . 5  had 3 r e p l i c a t i o n s  i n  e ach  
o f  which  20 embryos were  f r o z e n  p e r  g ro u p .
The embryos w e re  f r o z e n  r a p i d l y  i n  0 . 5  ml p l a s t i c  s t r a w s  
a s  d e s c r i b e d  i n  d e t a i l  i n  C h a p te r  2 .  The s u c r o s e  
c o n c e n t r a t i o n  i n  t h e  d i l u e n t  f r a c t i o n  o f  t h e  s t r a w s  was 1 .0  
M. A f t e r  t h a w in g  i n  a 3 5 °C w a t e r  b a t h  t h e  two f r a c t i o n s  o f  
t h e  s t r a w s  w e re  mixed ( L e ib o ,  West 5 c  P e r r y ,  1982a, b;
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R e n a r d , Heyman, Sc O z i l ,  19 82) and t h e  embryos w ere  h e l d  f o r  
10 min a t  20°C ( S z e l l  Sc S h e l t o n ,  1986a) i n  t h e  s u c r o s e  
d i l u e n t  to  a l l o w  g l y c e r o l  r e m o v a l .  The embryos w ere  t h e n  
washed i n  PBS + 57, FCS and c u l t u r e d  i n  W h i t t e n ’s medium f o r  
2 d a y s .
4 . 3 . 3 .  S t a t i s t i c a l  a n a l y s i s
The r e s u l t s  w ere  e v a l u a t e d  by a n a l y s i s  o f  v a r i a n c e .  
E x p e r im e n t  4 .1  was o f  s p l i t - p l o t  d e s i g n  i n  which 
m easu re m e n ts  on t h e  same embryo a t  d i f f e r e n t  t im e s  
c o n s t i t u t e d  t h e  s u b p l o t s .  I n  E x p e r im e n t s  4 . 2 ,  4 . 3 ,  4 . 4  and 
4 . 5  t h e  e x p e r i m e n t a l  u n i t  was a g ro u p  o f  20 embryos f r o z e n  
i n  a s t r a w .  The numbers  o f  f r o z e n - t h a w e d  embryos d e v e l o p i n g  
to  b l a s t o c y s t s  i n  c u l t u r e  w ere  e x p r e s s e d  a s  t h e  p r o p o r t i o n s  
o f  t h o s e  f r o z e n  and t h e  r e s p o n s e s  were t r a n s f o r m e d  i n t o  
a n g l e s  f o r  a n a l y s i s .  The s i g n i f i c a n c e  o f  d i f f e r e n c e s  amongst  
t r e a t m e n t  means were  e s t a b l i s h e d  by t h e  method o f  o r t h o g o n a l  
c o m p a r i s o n s .
4 . 4 .  R e s u l t s
4 . 4 . 1 .  Osmotic  r e s p o n s e  o f  embryos to  g l y c e r o l - s u c r o s e
In  E x p e r im e n t  4.1  ( T a b le s  4.1 and 4 . 2 )  t h e  m ain  e f f e c t  o f  
e q u i l i b r a t i o n  p e r i o d  was s i g n i f i c a n t  ( P < 0 .0 0 1 ) ,  b u t  t h e  
g l y c e r o l  c o n c e n t r a t i o n  d id  n o t  a f f e c t  t h e  volume o f  t h e
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embryos s i g n i f i c a n t l y  (P > 0 .1 )  and t h e r e  was no i n t e r a c t i o n  
b e tw e e n  t h e  two f a c t o r s  (F<1 ) . The r e g r e s s i o n  o f  t h e  volume 
o f  embryos on t h e  d u r a t i o n  o f  e q u i l i b r a t i o n  c o n t a i n e d  l i n e a r  
(P< 0 .0 0 1 )  and q u a d r a t i c  (P< 0 .001)  e l e m e n t s ;  t h e  h i g h e r  
v a r i a n c e  components  w e re  n o t  s i g n i f i c a n t  (F<1) .  R e l a t i v e  to  
t h e  volume a t  2 .5  min,  e x p a n s i o n  o c c u r e d  up to  20 min 
( P < 0 .0 0 1 ) ,  b u t  t h e r e  was no f u r t h e r  change  from 20 to  40 min 
(P > 0 . 4 ) .
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Table 4.1. Mean volume of Day-3 mouse embryos (n=5) expressed as 
a percentage of their isotonic volume following exposure to 2.0,
3.0 or 4.0 M-glycerol + 0.25 M-sucrose for 2.5 to 40 min at
(Exp. 4.1)
Glycerol Duration of exposure (min) Me an
cone.(M) 2.5 5 10 20 40
2.0 48 56 57 59 61 56
3.0 53 61 69 71 72 65
4.0 53 61 66 70 72 64
Mean 51 a 59b 64bc 67c 68c 62
Five embryos were exposed to each glycerol concentration and 
the volume of the same embryos measured at the indicated 
times. Means with different superscripts (a,b,c) are 
significantly (P<0.001) different.
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Table 4.2. Analysis of variance of Experiment 4.1.
SOURCE D .F. SQ MQ F P
Treatments (14) (4198.576)
Main plot comparisons
Glycerol cone. (G) 2 1 183.666 591 .833 2.03 P>0.1
Main plot error 1 2 3496.049 291 .337
Subplot comparisons
Equilibration (E) (4) (2874.092)
E-linear 2599.086 122.92 PC0.001
E-quadratic 264.792 1 2.52 P<0.001
E-cubic 8.746 F<1
E-quintic 1 .468 F<1
Interaction (G x E) 8 140.818 17.602 F<1
Subplot error 48 1014.952 21 .145
Total 74 8709.577
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4.4.2. Viability of frozen-thawed embryos as a function of 
equilibration in glycerol-sucrose
4.4.2.1. Effect of duration of equilibration at 4°C and at 
20°C
In Experiments 4.2 an 4.3 (Tables 4.3, 4.4 and 4.5) the
embryos were equilibrated for 2.5 to 40 min before freezing. 
At 4°C (Exp. 4.2) the viablity of frozen-thawed embryos 
increased linearly (P<0.001) as a function of equilibration 
period. At 20°C (Exp. 4.3), although the highest survival 
was obtained after 10 min, the effect of equilibration 
period was not significant (P>0.1). In both experiments the 
regression of response on glycerol concentration contained 
linear and quadratic components (P<0.001). The post-thaw 
survival was lower in 2.0 than in 3.0 or 4.0 M glycerol 
(P<0.001), but there was no difference between the last two 
concentrations (P>0.2). There was no interaction between the 
concentration of glycerol and the duration of equilibration 
at either temperature (P>0.05).
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T a b le  4 . 3 .  The e f f e c t  o f  d u r a t i o n  o f  e q u i l i b r a t i o n  i n  2 . 0 ,  
3 .0  o r  4 . 0  M - g l y c e r o l  + 0 .2 5  M -s u c ro s e  a t  4°C and a t  20°C on 
t h e  p e r c e n t a g e  o f  embryos s u r v i v i n g  a f t e r  f r e e z i n g  and
th aw in g  (Exps 4 . 2  and 4 . 3 )
E xp . Temp. G l y c e r o l E q u i l i b r a t i o n  t im e  (min) Mean
c o n e . (M) 2 .5 5 10 20 40
4 .2 4°C 2 . 0 0 1 2 8 17 25 1 2
3 .0 13 40 48 68 66 47
4 . 0 2 17 50 77 78 45
Mean 5a 23b 36b 54c 5 7C 35
4 .3 20°C 2 . 0 22 20 22 22 18 21
3 .0 65 64 72 58 63 64
4 . 0 65 63 74 66 45 63
Mean 51 49 56 49 42 49
The number o f  embryos p e r  t r e a t m e n t c o m b i n a t i o n was 60 i n
E x p e r im e n t 4 . 2  and 1 00 i n E x p e r im e n t 4 . 3 . Me ans w i t h
d i f f e r e n t  s u p e r s c r i p t s  ( a ,  b ,  c)  a r e  s i g n i f i c a n t l y  (P<0 .01)  
d i f f e r e n t .
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T a b le  4 . 4 .  A n a l y s i s o f v a r i a n c e  o f E x p e r im e n t 4 . 2 .
S o u rc e D.F SQ MQ F P
R e p l i c a t i o n s 2 471 .887
T r e a t m e n t s  (14) (1 5 0 2 3 .0 5 6 )
G l y c e r o l  c o n c . ( G ) (2) (5 0 2 0 .3 3 4 )
G - l i n e a r 1 3378.861 3 3 .9 9 PC0.001
G - q u a d r a t i c 1 1641 .473 16.15 PC0.001
E q u i l i b r a t i o n  (E) (4) ( 8 4 7 8 .5 4 9 ) (2 1 1 9 .6 3 7 )
E - l i n e a r 1 7992.871 80 .42 P<0.001
E - q u a d r a t i c 1 360 .173 3 .6 2 P>0.05
E - c u b i c 1 7 .197 F<1
E - q u i n t i c 1 1 18.301 1 .19 P>0.25
I n t e r a c t i o n  (GxE) 8 1524 .173 190 .522 1 .92 P>0.05
E x p e r i m e n t a l  e r r o r 28 2 7 8 2 .9 7 8 9 9 .392
T o t a l 44 18277 .922
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T a b le  4 . 5 .  A n a l y s i s  o f  v a r i a n c e  o f  E x p e r im e n t  4 . 3 .
SOURCE D.F . SQ MQ F P
R e p l i c a t i o n s 4 282 .053
T r e a t m e n t s (14) 12116 .282
G l y c e r o l  (G) (2) (1 1 1 14 .053)
G - l i n e a r 1 7 9 5 3 .379 9 3 .8 8 P<0.001
G - q u a d r a t i c 1 3 1 6 0 .6 7 4 37.31 P<0.001
E q u i l i b r a t i o n  (E) 4 5 8 0 .3 6 3 145.091 1 .71 P>0.1
I n t e r a c t i o n  (GxE) 8 421 .865 5 2 .7 3 3 F<1
E x p e r i m e n t a l  e r r o r 56 4744.251 84 .719
T o t a l 74 17142 .593
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4 . 4 . 2 . 2 .  E q u i l i b r a t i o n  a t  4°C a f t e r  d e h y d r a t i o n  by s u c r o s e
I n  E x p e r im e n t  4 . 4  ( T a b l e s  4 . 6  and 4 . 7 ) ,  i n  which  t h e  
embryos were  e q u i l i b r a t e d  w i t h  4 . 0  M - g l y c e r o l  + 0 .25  M-
s u c r o s e  a t  4°C a f t e r  d e h y d r a t i o n  by 0 .2 5  M - s u c r o s e ,  t h e  
r e g r e s s i o n  o f  v i a b i l i t y  on t h e  d u r a t i o n  o f  e q u i l i b r a t i o n  was 
l i n e a r  ( P < 0 .0 0 1 ) .  The p e r c e n t a g e  o f  s u r v i v a l  a f t e r  2 . 5 ,  5, 
10,  20 and 40 min e q u i l i b r a t i o n  was 2, 8, 47 ,  72 and 8 77>
r e s p e c t i v e l y .
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T a b le  4 . 6 .  The e f f e c t  o f  d u r a t i o n  o f  e q u i l i b r a t i o n  i n  4 . 0  M 
g l y c e r o l  + 0 .2 5  M s u c r o s e  a t  4°C f o l l o w i n g  d e h y d r a t i o n  on 
t h e  p e r c e n t  o f  embryos s u r v i v i n g  f r e e z i n g  (Exp. 4 . 4 )
*
D u r a t i o n  o f  e q u i l i b r a t i o n  (min)
2 .5
2a
5______10______20______ 40_______Mean
8 a 47b 72bc 87c 43
The number o f  embryos p e r  t r e a t m e n t  c o m b i n a t i o n  was 60.  
Means w i t h  d i f f e r e n t  s u p e r s c r i p t s  ( a , b , c )  a r e  s i g n i f i c a n t l y  
(P < 0 .0 1 )  d i f f e r e n t .
T a b le  4 . 7 .  A n a l y s i s  o f  v a r i a n c e  o f  E x p e r im e n t  4 . 4 .
SOURCE D.F . SQ MQ F P
E q u i l i b r a t i o n  (E) (4) (8072 .130) 2018 .033 21 .458 PC0.001
E - L in 1 7 8 7 3 .5 2 4 83 .72 PC0.001
E-Quad 1 0 .7 4 4 F<1
E-Cub 1 129 .667 1 .38 P>0.25
E - Q u in t 1 6 8 .1 9 5 F<1
E x p e r i m e n t a l  e r r o r 10 940 .439 9 4 .0 4 4 2 .29 P<0.05
T h e o r e t i c a l  e r r o r
v a r i a n c e  41 .05
T o t a l  14 9012 .570
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4 . 4 . 2 . 3 .  E q u i l i b r a t i o n  a t  20°C a f t e r  d e h y d r a t i o n  by s u c r o s e  
o r  p e r m e a t i o n  by g l y c e r o l
I n  E x p e r im e n t  4 . 5  ( T a b l e s  4 . 8  and 4 . 9 )  t h e  m ain  e f f e c t s  
o f  t h e  d u r a t i o n  o f  e q u i l i b r a t i o n  and p r e t r e a t m e n t  were b o t h  
s i g n i f i c a n t  (P< 0 .0 0 1 )  and t h e r e  was an i n t e r a c t i o n  b e tw ee n  
t h e  two f a c t o r s  ( P < 0 . 0 1 ) .  The mean s u r v i v a l  r a t e  f o r
embryos p r e v i o u s l y  d e h y d r a t e d  w i t h  s u c r o s e ,  p e rm e a te d  w i t h  
g l y c e r o l  o r  w i t h o u t  p r e t r e a t m e n t  was 40 ,  7 8 and 557o
r e s p e c t i v e l y .  The d i f f e r e n c e s  b e tw e e n  t h e  m ain  e f f e c t s  o f  
any two p r e t r e a t m e n t s  were  s i g n i f i c a n t  ( P < 0 .0 0 1 ) .  The
d u r a t i o n  o f  e q u i l i b r a t i o n  i n  g l y c e r o l - s u c r o s e  d id  n o t  a f f e c t  
t h e  s u r v i v a l  o f  p r e v i o u s l y  p e rm e a te d  embryos ( P > 0 . 1 ) ,  b u t  
had a s i g n i f i c a n t  (P < 0 .0 0 1 )  e f f e c t  on t h e  o t h e r  two g r o u p s .  
The maximum v i a b i l i t y  was a t t a i n e d  e a r l i e r  (4 min) f o r  
embryos w i t h o u t  p r e t r e a t m e n t  t h a n  f o r  t h o s e  p r e v i o u s l y  
d e h y d r a t e d  (8 m i n ) . I n  t h e  l a t t e r  g roup  t h e  v i a b i l i t y  
d e c l i n e d  a t  16 min o f  e q u i l i b r a t i o n .
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Table 4.8. Percentages of developing frozen-thawed mouse 
embryos as a function of duration of equilibration in 
glycerol-sucrose at 20°C following dehydration by sucrose, 
permeation by glycerol or without pretreatment (Exp. 4.5)
Pretreatment Duration of equilibration (min) Me an
1 2 4 8 16
Dehydration 0a 22b 48c 80d 50c 40
Permeation 78 77 93 82 62 78
No pretreatment 1 3a 38b 73c 7 5C 7 5C 55
The number of embryos per treatment combination was 6
Means within the same row with different superscripts (a, b, 
c, d) are significantly (P<0.001) different.
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T a b le  4 . 9  A n a l y s i s o f v a r i a n c e  o f E x p er im e n t 4 . 5 .
SOURCE D.F SQ MQ F P
T r e a t m e n t s (14) (15855.030)
E q u i l i b r a t i o n  (E) (4) (698 5 .3 9 7 ) 1746.349 14.91 P<0.001
E - l i n e a r 1 4242 .227 3 6 .2 2 P<0.001
E - q u a d r a t i c 1 2 3 4 8 .5 2 6 2 0 .0 6 PC0.001
E - c u b i c 1 355.81 2 3 .0 4 P>0.05
E - q u i n t i c 1 3 8 .8 3 2 F<1
P r e t r e a t m e n t s  (P) 2 4758 .897 237 9 .4 4 9 2 0 .3 2 P<0.001
I n t e r a c t i o n  (E x P) 8 4 1 10 .736 5 1 3 .8 4 4 .3 8 P<0.01
E x p e r i m e n t a l  e r r o r 30 351 3 .0 5 8 1 17.102 2 .852 PC0.001
T h e o r e t i c a l  e r r o r
v a r i a n c e
4 1 .0 5
T o t a l 44 19368.088
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4.5. Discussion
Experiment 4.1 demonstrated that the volume changes of 
mouse embryos in glycerol-sucrose solutions follow a pattern 
similar to that in glycerol solutions (Jackowski, Leibo & 
Mazur, 1980) characterized by an inital shrinkage and a 
subsequent gradual expansion. The theoretical basis of 
this pattern was explained by Schneider & Mazur (1984). The 
cells initially lose water and shrink to compensate the high 
extracellular osmolarity caused by glycerol and sucrose. 
This relatively fast shrinkage is followed by a more gradual 
increase in volume as glycerol enters and water re-enters 
the cells. The equilibration is complete when the intra- and 
extracellular concentrations of glycerol become equal and no 
further volume changes occurs. This can be attained upon 
reaching the isotonic or a smaller volume. When the embryos 
are exposed to glycerol-sucrose solutions, only the glycerol 
will permeate the cells; the extra osmolarity created by 
sucrose causes dehydration which reduces the occurrence of 
intracellular ice formation. The occurrence of glycerol 
permeation in glycerol-sucrose solutions was demonstrated by 
the re-expansion of embryos. In the present experiments 
sucrose was also used for cryoprotectant dilution. Relevant 
aspects of this application have been discussed by Leibo 
(1983, 1984) and in Chapter 3.
At 20°C the volume and consequently the intracellular 
glycerol content of embryos exposed to glycerol-sucrose
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i n c r e a s e d  w i t h  t h e  d u r a t i o n  o f  e q u i l i b r a t i o n  up t o  20 rain. 
However, improvement  i n  t h e  v i a b i l i t y  o f  f r o z e n - th a w e d  
embryos was e v i d e n t  w i t h  e q u i l i b r a t i o n  a t  t h i s  t e m p e r a t u r e  
o n l y  up to  a b o u t  2 .5  m in .  T h is  p e r i o d  was e x te n d e d  to  20 min 
when t h e  r a t e  o f  g l y c e r o l  p e r m e a t i o n  was r e d u c e d  by
d e c r e a s i n g  t h e  t e m p e r a t u r e  to  4°C. The r e s u l t s  d e m o n s t r a t e d  
t h a t  t h e  s u r v i v a l  o f  r a p i d l y  f r o z e n  embryos i s  d e p e n d e n t  on 
t h e  t e m p e r a t u r e  and d u r a t i o n  o f  e q u i l i b r a t i o n  which  a f f e c t  
t h e  r a t e  o f  g l y c e r o l  p e r m e a t i o n  and d e h y d r a t i o n .  S u b s e q u e n t  
e x p e r i m e n t s ,  which  were  d e s i g n e d  to  s t u d y  t h e  t im e  
d ep endency  o f  t h e  e f f e c t s  o f  g l y c e r o l  and o f  s u c r o s e  
i n d e p e n d e n t l y ,  showed t h a t  t h e  e f f e c t  o f  e q u i l i b r a t i o n  
p e r i o d  was due t o  g l y c e r o l  p e r m e a t i o n .  The v i a b l i t y  o f  
p r e v i o u s l y  d e h y d r a t e d  embryos a l s o  improved w i t h  t h e  t im e  
s p e n t  i n  g l y c e r o l - s u c r o s e , b u t  t h i s  f a c t o r  c au se d  no
im provement  f o l l o w i n g  p e r m e a t i o n  by g l y c e r o l .  The l a t t e r  
r e s u l t  a l s o  i n d i c a t e s  t h a t  i n  c o n t r a s t  t o  g l y c e r o l  
p e r m e a t i o n ,  t h e  r e q u i r e d  d e g r e e  o f  d e h y d r a t i o n  i s  a t t a i n e d  
a l m o s t  i n s t a n t a n e o u s l y .  The s u r v i v a l  r a t e  was h i g h e r  i f  
t h e  embryos were  p e rm e a te d  w i t h  g l y c e r o l  b e f o r e  p l a c i n g  them 
i n t o  g l y c e r o l - s u c r o s e .  The p r e s e n t  r e s u l t s  s u g g e s t  t h a t  
p r e v i o u s  o r  c o n c o m i t a n t  e x p o s u r e  to  s u c r o s e  u n f a v o u r a b l y  
a f f e c t s  t h e  g l y c e r o l  p e r m e a t i o n .  Osmotic  s t u d i e s  t o  f u r t h e r  
i n v e s t i g a t e  t h i s  e f f e c t  a r e  p r e s e n t e d  i n  C h a p te r  5.
These  r e s u l t s  d e m o n s t r a t e  t h a t  i n c r e a s e s  i n  t h e  
i n t r a c e l l u l a r  g l y c e r o l  l e v e l  a r e  b e n e f i c i a l  f o r  t h e  s u r v i v a l  
o f  r a p i d l y  f r o z e n  embryos ,  b u t  c o m p l e t e  e q u i l i b r a t i o n  i s  n o t
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necessary. Therefore the optimal concentration is higher for 
extracellular- than for intracellular glycerol. The 
mechanism of cryoprotection during rapid freezing, however, 
cannot be explained by protection against solution effects. 
Despite much shorter exposure to such effects higher extra- 
and intracellular glycerol levels are required to protect 
the embryos compared to controlled (slow) rate freezing.
*
I l l
CHAPTER 5: OSMOTIC AND CRYOPROTECTIVE EFFECTS OF GLYCEROL-
SUCROSE SOLUTIONS ON DAY-3 MOUSE EMBRYOS
5 . 1 .  Summary
The r e l a t i v e  volume o f  Day-3 mouse embryos changed  a s  a 
l i n e a r  f u n c t i o n  o f  t h e  r e c i p r o c a l  o f  o s m o l a l i t y  o f  n o n ­
p e r m e a t i n g  s o l u t e s  a f t e r  10 min e x p o s u r e  t o  s u c r o s e  and 
g l y c e r o l - s u c r o s e  s o l u t i o n s  a t  20°C. The s l o p e  o f  t h e  l i n e a r  
r e g r e s s i o n  l i n e  was s m a l l e r  i n  g l y c e r o l - s u c r o s e  t h a n  i n  
s u c r o s e  s o l u t i o n s  b e c a u s e  g l y c e r o l  p e r m e a t i o n  c a u s e d  r e ­
ex p an s  i o n .
B e f o r e  f r e e z i n g  by d i r e c t  t r a n s f e r  t o  -180°C t h e  embryos 
w ere  p l a c e d  i n t o  g l y c e r o l - s u c r o s e  i n  1 - s t e p  ( 1 - s t e p  
e q u i l i b r a t i o n )  o r  f i r s t  i n t o  g l y c e r o l  and t h e n  i n t o  
g l y c e r o l - s u c r o s e  ( 2 - s t e p  e q u i l i b r a t i o n ) .  U s ing  2 - s t e p  
e q u i l i b r a t i o n  t h e  p o s t - t h a w  s u r v i v a l  r a t e  was s u b s t a n t i a l l y  
h i g h e r  a t  3 . 0  and 4 . 0  M - g l y c e r o l  l e v e l s  and l e s s  d ep en d e n t  
on c h a n g e s  i n  t h e  s u c r o s e  c o n c e n t r a t i o n  w i t h i n  t h e  r a n g e  o f  
0 .1 2 5  to  1 .0  M t h a n  w i t h  1 - s t e p  e q u i l i b r a t i o n .  Under o p t i m a l  
c o n d i t i o n s  90-957, o f  r a p i d l y  f r o z e n  embryos d e v e lo p e d  to  
b l a s t o c y s t s  i n  v i t r o  and 30% i n t o  l i v e  young i n  v i v o .
I t  i s  s u g g e s t e d  t h a t  t h e  c r y o p r o t e c t i v e  r o l e  o f  g l y c e r o l  
i s  due t o  i t s  a b i l i t y  t o  r e d u c e  o s m o t ic  p r e s s u r e  
d i f f e r e n c e s  b e tw e e n  t h e  e x t r a  and and i n t r a c e l l u l a r  s p a c e s  
d u r i n g  r a p i d  f r e e z i n g  o f  em bryos .
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5 . 2 .  I n t r o d u c t i o n
S in c e  t h e  f i r s t  methods f o r  f r o z e n  s t o r a g e  o f  mouse 
embryos were  d e v e lo p e d  by W h i t t in g h a m  e t  a l .  (19 72) and by 
Wilmut ( 1 9 7 2 a ) ,  f u r t h e r  r e s e a r c h  h a s  c o n c e n t r a t e d  on t h e  
s i m p l i f i c a t i o n  o f  p r o c e d u r e s ,  a p p l i c a t i o n  to  o t h e r  s p e c i e s  
and improvement  o f  v i a b i l i t y .  Amongst t h e  m ost  i m p o r t a n t  
ad v an c es  i n  a c h i e v i n g  t h e s e  g o a l s  a r e  t h e  r e c o g n i t i o n  t h a t  
embryos s u r v i v e  r a p i d  th a w in g  i f  t h e  s low  r a t e  f r e e z i n g  i s  
t e r m i n a t e d  a t  -30  t o  -45°C  ( W i l l a d s e n ,  1977; W i l l a d s e n ,  
P o lg e  Sc Rowson, 1 978b) and t h e  d e v e lo p m e n t  o f  a n  i n - s t r a w  
c r y o p r o t e c t a n t  d i l u t i o n  t e c h n i q u e  (L e ib o ,  West Sc P e r r y ,  
1982a, b ;  R e n a r d , Heyman 5c O z i l ,  1 9 8 2 ) .
Miyamoto 5c I s h i b a s h i  (19 83) r e p o r t e d  t h a t  mouse embryos 
s u r v i v e  f r e e z i n g  by d i r e c t  t r a n s f e r  t o  s u b z e r o  t e m p e r a t u r e s  
w i t h o u t  s e e d i n g .  The v i a b i l i t y  o f  d i r e c t l y  f r o z e n  embryos 
depends  on t h e  d e g r e e  o f  d e h y d r a t i o n  w h ich  c an  b e  c o n t r o l l e d  
by t h e  i n c l u s i o n  o f  s u c r o s e  i n  t h e  f r e e z i n g  medium (Nguyen, 
Renard 5c G a m i e r ,  1983; R e n a rd ,  Bui-Xuan-Nguyen 5c G a m i e r ,  
1 9 8 4 ) .
The e f f e c t s  o f  c r y o p r o t e c t a n t  and s u c r o s e  c o n c e n t r a t i o n s  
on t h e  s u r v i v a l  o f  r a p i d l y  f r o z e n  embryos h a v e  b e e n  s t u d i e d  
by s e v e r a l  a u t h o r s  i n c l u d i n g  Bui-Xuan-Nguyen,  Heyman 5c 
Renard  (1984) V i n c e n t  e t  a l .  (1985) and B i e r y ,  S e i d e l  Sc 
E l s d e n  ( 1 9 8 6 ) .  The p r e s e n t  work exam ines  t h e  
i n t e r r e l a t i o n s h i p s  b e tw ee n  g l y c e r o l  and s u c r o s e
c o n c e n t r a t i o n s  i n  t h e  f r e e z i n g  medium and t h e  method o f
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equilibration on the osmotic behaviour and post-thaw 
survival of rapidly frozen Day-3 mouse embryos. Experiments 
in this Chapter are based on the findings of Chapters 3 and 
4 on the method of in-straw removal of glycerol and the 
effect of equilibration before rapid freezing.
5.3. Design and evaluation of experiments
5.3.1. Studies on the osmotic effects of sucrose and 
glycerol-sucrose
Experiments 5.1 and 5.2. The effect of sucrose
concentration on the volume of embryos was studied in 
sucrose and in glycerol-sucrose solutions. The volume of 
embryos was measured after 10 min exposure at 20°C to 
sucrose (0.125, 0.25, 0.5 or 1.0 M; Exp. 5.1) and glycerol-
sucrose (3.0 M-glycerol + 0, 0.125, 0.25, 0.5 or 1.0 M-
sucrose; Exp. 5.2) solutions . In both experiments the
experimental unit was 1 embryo and there were 6
replications .
Experiment 5.3. The effects of permeation by glycerol and 
dehydration by sucrose on the osmotic behaviour of embryos 
in glycerol-sucrose were studied. The embryos were 
dehydrated by 0.25 M-sucrose (10 min), permeated by 4.0 M- 
glycerol (10 min) or left in PBS + 57o FCS before
equilibration in 4.0 M-glycerol + 0.25 M-sucrose at 20°C. 
The volume of the same embryos was measured after 1.25, 2.5,
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5, 10 and 20 m in  e x p o s u r e  t o  g l y c e r o l - s u c r o s e . I n  E x p e r im e n t  
5 .3  t h e  e x p e r i m e n t a l  u n i t  was 1 embryo and t h e  e x p e r im e n t  
had 5 r e p l i c a t i o n s .
5 . 3 . 2 .  S t u d i e s  on t h e  v i a b i l i t y  o f  f r o z e n - t h a w e d  embryos
E x p e r im e n t  5 . 4 .  The e f f e c t  o f  t h e  method o f  e q u i l i b r a t i o n  
on t h e  p o s t - t h a w  s u r v i v a l  o f  embryos was s t u d i e d .  The 
embryos w e re  e x p o sed  t o  0 . 5  M -s u c ro s e  o r  to  4 . 0  M - g l y c e r o l  
f o r  5 min b e f o r e  b e i n g  p i p e t t e d  i n t o  4 .0  M - g l y c e r o l  + 0 .5  M- 
s u c r o s e  f o r  a n o t h e r  5 min o r  w e re  p l a c e d  i n t o  4 . 0  M - g l y c e r o l  
+ 0 .5  M - s u c r o s e  i n  1 - s t e p  f o r  10 min and t h e n  f r o z e n .  The
e x p e r i m e n t a l  u n i t  was a g ro u p  o f  20 embryos f r o z e n  i n  a 
s t r a w  and t h e  e x p e r i m e n t  had  3 r e p l i c a t i o n s .  The number o f  
f r o z e n - t h a w e d  embryos d e v e l o p i n g  t o  b l a s t o c y s t s  was 
e x p r e s s e d  a s  a p r o p o r t i o n  o f  t h o s e  f r o z e n .
E x p e r i m e n t s  5 . 5 .  and 5 . 6 .  The e f f e c t s  o f  g l y c e r o l  ( 2 . 0 ,  
3 . 0 ,  4 . 0  o r  5 .0  M) and s u c r o s e  (0 ,  0 .1 2 5 ,  0 . 2 5 ,  0 .5  o r  1 .0
M) c o n c e n t r a t i o n s  o f  t h e  f r e e z i n g  medium on t h e  p o s t - t h a w  
s u r v i v a l  were  s t u d i e d .  In  E x p e r im e n t  5 .5  t h e  embryos were 
p l a c e d  i n t o  g l y c e r o l - s u c r o s e  s o l u t i o n s  f o r  10 m in  d i r e c t l y  
from PBS + 5% FCS ( 1 - s t e p  a d d i t i o n ) .  I n  E x p e r im e n t  5 .6
b e f o r e  p l a c i n g  i n t o  g l y c e r o l - s u c r o s e  f o r  5 min ,  t h e  embryos 
were  exp o sed  f o r  5 min to  a s o l u t i o n  c o n t a i n i n g  g l y c e r o l  
o n ly  i n  i d e n t i c a l  c o n c e n t r a t i o n  ( 2 - s t e p  a d d i t i o n ) . A f t e r  
e q u i l i b r a t i o n  t h e  embryos were  f r o z e n .  The e x p e r i m e n t a l  u n i t  
was a g ro u p  o f  20 embryos and E x p e r im e n t  5 .5  had 5 and
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E x p e r im e n t  5 .6  had 3 r e p l i c a t i o n s .  The number o f  f r o z e n -
thawed embryos d e v e l o p i n g  to  b l a s t o c y s t s  was e x p r e s s e d  a s  a
_ .  The two e x p e r i m e n t s  w ere  of
p r o p o r t i o n  o f  t h o s e  f r o z e n .  , . ,
c o m p l e t e ly  r a n d o m ise d  d e s i g n .
E x p e r im e n t  5 . 7 .  The e f f e c t s  o f  f r e e z i n g  and i n  v i t r o  
c u l t u r e  on t h e  s u b s e q u e n t  d ev e lo p m e n t  o f  embryos i n  f o s t e r  
m o th e r s  were  s t u d i e d .  A c c o rd in g  to  random a l l o c a t i o n  to  
t r e a t m e n t s ,  g r o u p s  o f  10 f r e s h  o r  f r o z e n - t h a w e d  embryos w ere  
t r a n s f e r r e d  i n t o  r e c i p i e n t s  a f t e r  24 h c u l t u r e  i n  W h i t t e n ' s  
medium o r  w i t h o u t  c u l t u r e .  B e f o re  f r e e z i n g  t h e  embryos w ere  
e q u i l i b r a t e d  i n  4 . 0  M - g l y c e r o l  + 0 . 5  M - s u c r o s e  i n  2 - s t e p  as 
d e s c r i b e d  a t  E x p e r im e n t  5 . 6 .  F iv e  embryos w ere  t r a n s f e r r e d  
i n t o  e a c h  u t e r i n e  h o r n  o f  r e c i p i e n t s  on t h e  a f t e r n o o n  o f  th e  
t h i r d  day o f  p s e u d o p r e g n a n c y .  The r e c i p i e n t s  w e re  a l l o w e d  to  
go to  t e r m .  The number o f  l i v e  b o r n  young was e x p r e s s e d  a s  a 
p r o p o r t i o n  o f  embryos a l l o c a t e d  to  t r e a t m e n t  ( o v e r a l l  
s u r v i v a l  r a t e ) .  The e x p e r i m e n t a l  u n i t  was a g roup  o f  10 
embryos and t h e  e x p e r i m e n t  had 6 r e p l i c a t i o n s .
Groups o f  20 (Exps 5 . 4 ,  5 .5  and 5 . 6 )  o r  10 (Exp.  5 .7 )
embryos were  p i p e t t e d  i n t o  t h e  f r e e z i n g  medium f r a c t i o n  o f  
0 .5  ml p l a s t i c  s t r a w s  and f r o z e n  r a p i d l y  a s  d e s c r i b e d  i n  
d e t a i l  i n  C h a p te r  3 .  The s u c r o s e  c o n c e n t r a t i o n  i n  th e  
d i l u e n t  f r a c t i o n  o f  t h e  s t r a w s  was 1 . 0  M. A f t e r  th a w in g  i n  a 
3 5 °C w a t e r  b a t h  t h e  two f r a c t i o n s  o f  t h e  s t r a w s  were  mixed 
( L e i b o ,  West & P e r r y ,  1982a,  b; R e n a r d , Heyman, & O z i l ,  
1982) and t h e  embryos were  h e l d  f o r  10 min a t  20°C ( S z e l l  & 
S h e l t o n ,  1986a) i n  t h e  s u c r o s e  d i l u e n t  t o  a l l o w  g l y c e r o l
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r e m o v a l .  A f t e r  w ash in g  i n  PBS + 57» FCS t h e  embryos were 
c u l t u r e d  i n  W h i t t e n ’ s medium a n d / o r  t r a n s f e r r e d  i n t o
r e c i p i e n t s .
5 . 3 . 3 .  S t a t i s t i c a l  a n a l y s i s
In  E x p e r im e n t s  5.1 and 5 . 2  t h e  r e g r e s s i o n  o f  t h e  r e l a t i v e  
volume o f  embryos on t h e  r e c i p r o c a l  o f  o s m o l a l i t y  o f  n o n ­
p e r m e a t i n g  s o l u t e s  was c a l c u l a t e d  by t h e  method o f  l e a s t  
s q u a r e s .  The s i g n i f i c a n c e  o f  u n u s u a l  d e v i a t i o n s  from th e  
r e g r e s s i o n  l i n e s  w ere  t e s t e d  by S t u d e n t ' s  t  t e s t .  The 
d i f f e r e n c e  b e tw e e n  t h e  s l o p e s  o f  t h e  r e g r e s s i o n  l i n e s  and 
t h e  r e s u l t s  o f  E x p e r im e n t s  5 . 3 ,  5 . 4 ,  5 . 5  and 5 .6  were
e v a l u a t e d  by a n a l y s i s  o f  v a r i a n c e .  E x p e r im e n t  5 .3  was o f  
s p l i t - p l o t  d e s i g n  i n  which  m easu rem en ts  on t h e  same embryo 
a t  d i f f e r e n t  t im e s  c o n s t i t u t e d  t h e  s u b p l o t s .  The number o f  
embryos d e v e l o p i n g  t o  b l a s t o c y s t s  i n  c u l t u r e  (Exps 5 . 4 ,  5 .5
and 5 . 6 )  was t r a n s f o r m e d  i n t o  a n g l e s  f o r  a n a l y s i s .  In  
E x p e r im e n t s  5 . 4 ,  5 . 5  and 5 .6  t h e  t r e a t m e n t  e f f e c t s  w ere
t e s t e d  a g a i n s t  t h e  t h e o r e t i c a l  e r r o r  v a r i a n c e  u n l e s s  th e  
e x p e r i m e n t a l  e r r o r  s i g n i f i c a n t l y  ex ce ed e d  t h e  t h e o r e t i c a l  
e s t i m a t e .  The s i g n i f i c a n c e  o f  d i f f e r e n c e s  amongst  t r e a t m e n t  
means was t e s t e d  by o r t h o g o n a l  c o m p a r i s o n s .
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5 . 4 .  R e s u l t s
5 . 4 . 1 .  Osm ot ic  r e s p o n s e  o f  embryos to  g l y c e r o l - s u c r o s e
5 . 4 . 1 . 1 .  E f f e c t  o f  s u c r o s e  c o n c e n t r a t i o n  on t h e  volume o f  
embryos
The r e s u l t s  o f  E x p e r im e n t s  5.1 and 5 .2  a r e  shown i n  F i g .  
5.1 and i n  T a b l e s  5.1 and 5 . 2 .  I n  a c c o rd  w i t h  t h e  m o d i f i e d  
B o y l e - v a n ' t  H o f f  e q u a t i o n  t h e r e  was a l i n e a r  r e l a t i o n  
b e tw e e n  t h e  r e l a t i v e  volume o f  embryos and t h e  r e c i p r o c a l  o f  
t h e  c a l c u l a t e d  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  s o l u t e s  i n  
s u c r o s e  and g l y c e r o l - s u c r o s e  s o l u t i o n s  ( F i g .  5 . 1 ) .  The 
l i n e a r  r e g r e s s i o n  l i n e s  w e re  f i t t e d  by t h e  method o f  l e a s t  
s q u a r e s  (Exp. 5 . 1 ,  Y=13.09 + 24 .98X; Exp. 5 . 2 ,  Y=39.45 +
12.02X; w here  Y i s  t h e  r e l a t i v e  volume o f  t h e  embryos and X 
i s  t h e  r e c i p r o c a l  o f  t h e  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  
s o l u t e s ) .  The d e v i a t i o n  from t h e  s h r i n k a g e  p r e d i c t e d  by t h e  
r e g r e s s i o n  l i n e  was u n u s u a l l y  h i g h  i n  1 .0  M -s u c ro s e  (P = 
0 .0 3 8 )  t h e r e f o r e  t h i s  p o i n t  was o m i t t e d  from t h e  
c a l c u l a t i o n .  The s l o p e  o f  t h e  r e g r e s s i o n  l i n e  f o r  embryos 
exp o sed  to  s u c r o s e  was s i g n i f i c a n t l y  s t e e p e r  t h a n  f o r  t h o s e  
e x p o sed  t o  g l y c e r o l - s u c r o s e  ( P < 0 .0 0 1 ) .  The c o r r e l a t i o n  
b e tw e e n  t h e  r e l a t i v e  volume o f  embryos and t h e  r e c i p r o c a l  o f  
t h e  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  s o l u t e s  was c l o s e  i n  b o t h  
e x p e r i m e n t s  (Exp.  5 . 1 ,  r = 0 . 9 9 9 ;  Exp. 5 . 2 ,  r = 0 . 9 8 5 ) .
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S u c r o s e  cone.  (M)
0 .25 0 . 1 2 5
1/Osmolal i ty  of non-permeating so lutes
F ig .  5 . 1 .  P e r c e n t a g e  o f  i s o s m o t i c  volume o f  Day-3 mouse embryos a s  a 
f u n c t i o n  o f  t h e  r e c i p r o c a l  o f  c a l c u l a t e d  o s m o l a l i t y  c r e a t e d  by n o n ­
p e r m e a t i n g  s o l u t e s .  The embryos  were  expos ed  to  s u c r o s e  (G— O) o r  t o  3 . 0  M- 
g l y c e r o l  + s u c r o s e  ( • — • )  s o l u t i o n s  a t  20°C f o r  10 min.  L i n e a r  r e g r e s s i o n  
l i n e s  w e r e  f i t t e d  by t h e  me thod o f  l e a s t  s q u a r e s .  Each p o i n t  i s  t h e  mean 
v a l u e  f o r  6 embryos  ( E x p e r i m e n t s  5.1 and 5 . 2 ) .
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T a b l e  5 . 1 .  A n a l y s i s  o f  v a r i a n c e  f o r  l i n e a r  r e g r e s s i o n  o f  
E x p e r im e n t  5 . 1 .
SOURCE D.F . SQ MQ F P
R e g r e s s  io n 1 1857 .228 1857.228 5610 P<0.001
R e s i d u a l 2 0 .6 6 2 0.331
T o t a l 3 1857 .890
T a b le  5 . 2 .  A n a l y s i s  o f  v a r i a n c e  f o r  l i n e a r  r e g r e s s i o n  o f  
E x p e r im e n t  5 . 2 .
SOURCE D.F . SQ MQ F P
R e g re s s  io n 1 730 .829 730.829 9 7 .7 7 P<0.01
Res i d u a l 3 2 2 .4 2 6 7 .4 7 5
T o t a l 4 753 .255
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5 . 4 . 1 . 2 .  E f f e c t  o f  p r e v i o u s  e x p o s u r e  to  s u c r o s e  o r  g l y c e r o l  
on t h e  o s m o t ic  b e h a v i o u r  o f  embryos i n  g l y c e r o l - s u c r o s e
The r e s u l t s  o f  E x p e r im e n t  5 .3  a r e  shown i n  F i g u r e  5 . 2  and 
i n  T a b le  5 . 3 .  The p a t t e r n  o f  changes  i n  t h e  volume o f  
embryos depended  on t h e  p r e t r e a t m e n t  ( P < 0 .0 0 1 ) .  The volume 
o f  p r e v i o u s l y  p e rm e a te d  embryos was i n i t i a l l y  t h e  h i g h e s t  
and showed a d e c r e a s e  w i t h  t h e  t im e  o f  e q u i l i b r a t i o n .  T h is  
was i n  c o n t r a s t  w i t h  embryos o f  t h e  o t h e r  two g ro u p s  which 
a f t e r  a su d d en  s h r i n k a g e  g r a d u a l l y  r e - e x p a n d e d .  D ur ing  t h e  
20 min o b s e r v a t i o n  p e r i o d  t h e  volume o f  p r e v i o u s l y  
d e h y d r a t e d  embryos was s m a l l e r  t h a n  t h a t  o f  t h o s e  w i t h o u t  
p r e t r e a t m e n t .
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T a b le  5 . 3 .  A n a l y s i s  o f  v a r i a n c e  o f  E x p e r im e n t  5 . 3 .
SOURCE D .F . SQ MQ F P
Main p l o t  c o m p a r i s o n s
P r e t r e a t m e n t s  (P) 2 2236 .539 1 118.269 3.31 P<0.10
Main p l o t  e r r o r 1 2 4058 .647 338.221
Main p l o t  t o t a l (14) (6 2 9 5 .1 8 6 )
S u b p l o t  c o m p a r i s o n s
T r e a t m e n t s (12) (4 5 8 2 .0 5 6 )
E q u i l i b r a t i o n  (E) 4 1078.659 269 .665 3 0 .9 6 P<0.001
I n t e r a c t i o n  (P x E) 8 1266 .859 158 .357 18 .18 PC0.001
S u b p l o t  e r r o r 48 4 1 8 .0 9 8 8.71
T o t a l 74 9058.801
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5.4.2. Viability of embryos in vitro after rapid freezing 
in glycerol-sucrose
5.4.2.1. Effect of method of equilibration on the survival 
of frozen-thawed embryos in vitro
In Experiment 5.4 the survival rate of embryos which were 
previously dehydrated by sucrose, permeated by glycerol or 
placed into glycerol-sucrose in 1-step was 53, 74 and 587>
respectively. The viability of previously permeated embryos 
was significantly (P<0.001) higher than that of the other 
two groups.
5.4.2.2. Effect of glycerol and sucrose concentrations on 
the viabilty of frozen-thawed embryos in vitro
The survival of rapidly frozen embryos as a function of 
glycerol and sucrose concentrations of the freezing medium 
was studied after 1-step (Exp. 5.5) and 2-step (Exp. 5.6) 
addition (Tables 5.4, 5.5 and 5.6). In both experiments at
all levels of sucrose the viability of embryos increased 
with higher glycerol concentrations. At 3.0 and 4.0 M- 
glycerol concentration the survival rate for most treatment 
combinations was higher using 2-step addition (Exp. 5.6) 
compared to 1-step addition (Exp. 5.5). The maximum rate of 
survival was not different in the two experiments (about 90- 
9 57o) , but was achieved at lower glycerol concentration when
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2 - s t e p  e q u i l i b r a t i o n  was u s e d  ( 4 . 0  M) compared to  1 - s t e p  
e q u i l i b r a t i o n  ( 5 . 0  M). V i s u a l  o b s e r v a t i o n  i n d i c a t e d  t h a t  
f r e e z i n g  m ed ia  c o n t a i n i n g  4 . 0  M - g l y c e r o l  + 1 .0  M - s u c r o s e ,  
5 . 0  M - g l y c e r o l  + 0 .5  o r  1 .0  M -s u c ro s e  v i t r i f i e d  upon 
t r a n s f e r  i n t o  l i q u i d  n i t r o g e n  v a p o u r .
I n  E x p e r im e n t  5 .5  t h e  optimum c o n c e n t r a t i o n  o f  s u c r o s e  
depended  on t h e  l e v e l  o f  g l y c e r o l ;  a t  2 . 0 ,  3 . 0 ,  4 . 0  and 5 . 0  
M - g l y c e r o l  c o n c e n t r a t i o n  t h e  h i g h e s t  s u r v i v a l  was o b t a i n e d  
when t h e  f r e e z i n g  medium c o n t a i n e d  0 .1 2 5 ,  0 . 2 5 ,  0 .5  and 0 . 5  
M - s u c r o s e  r e s p e c t i v e l y .  At a l l  g l y c e r o l  c o n c e n t r a t i o n s  th e  
v i a b i l i t y  d e c r e a s e d  a t  s u c r o s e  l e v e l s  h i g h e r  t h a n  o p t i m a l .
I n  E x p e r im e n t  5 .6  t h e  v i a b i l i t y  was l e s s  d e p e n d e n t  on t h e  
s u c r o s e  c o n c e n t r a t i o n ;  a t  a l l  g l y c e r o l  l e v e l s  t h e  o p t i m a l  
s u r v i v a l  r a t e  was a t t a i n e d  a t  0 .2 5  M - s u c r o s e  c o n c e n t r a t i o n  
and i n  4 . 0  and 5 . 0  M - g l y c e r o l  s o l u t i o n s  t h e r e  was no  d e c l i n e  
w i t h  h i g h e r  s u c r o s e  c o n c e n t r a t i o n s .
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T a b le  5 . 4 .  E f f e c t s  o f  g l y c e r o l  and s u c r o s e  c o n c e n t r a t i o n  i n  
t h e  f r e e z i n g  medium on t h e  p e r c e n t a g e  o f  embryos s u r v i v i n g  
r a p i d  f r e e z i n g  a f t e r  e q u i l i b r a t i o n  i n  1 - s t e p  (Exp.  5 .5 )  o r
i n  2 - s t e p  (Exp. 5 .6 )
Method o f  G l y c e r o l  ______S u c r o s e  c o n e .  (M)______  Mean
e q u i l i b r a t i o n c o n e . (M) 0 0 .1 2 5 0 .2 5 0 .5 1 .0
1 - s t  ep 2 . 0 7 ab 14b 10b i a oa 6
3 .0 47bc 57c 60c 30b 3a 39
4 .0 56b 62b 68bc 76° 28a 58
5 .0 5 0 a 67b 82° 95d 78c 74
2 - s t  ep 2 . 0 oa 5 a 40b 3a oa 10
3 .0 23a 7 8C 85c 68b
rOOO 61
4 .0 45a 62b 93° 83c 93c 75
5 . 0 63a 00 P
3 cr 82b 92b 92b 81
The number o f  embryos p e r  t r e a t m e n t  c o m b i n a t i o n  was 100 i n  
E x p e r im e n t  5 .5  and 60 i n  E x p e r im e n t  5 . 6 .  Means w i t h i n  th e  
same row w i t h  d i f f e r e n t  s u p e r s c r i p t s  a r e  s i g n i f i c a n t l y  
d i f f e r e n t  ( P < 0 . 0 1 ) .
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T a b l e  5 . 5 .  A n a l y s i s  o f  v a r i a n c e  o f  E x p e r i m e n t  5 . 5 .
SOURCE D . F . SQ MQ F P
T r e a t m e n t s 0 9 ) ( 4 1 6 3 0 . 0 1 8 )
G l y c e r o l  (G) ( 3 ) ( 3 0 5 9 4 . 0 1 0 )
G - l i n e a r 1 2 9 2 8 6 . 1 9 4 3 2 0 . 8 5 P < 0 . 00 1
G - q u a d r a t i c 1 1 0 9 2 . 7 6 5 1 1 . 9 7 P C0 . 001
G - c u b i c 1 2 1 5 . 0 4 5 2 . 3 6 P>0 . 1
S u c r o s e  (S) (4 ) ( 4 9 7 6 . 7 9 8 )
S - l i n e a r 1 6 7 7 . 5 2 5 7 . 4 2 P< 0 .0 1
S - q u a d r a t i c 1 4 0 2 5 . 6 6 3 4 4 . 1 0 P < 0 . 0 0 1
S - c u b i c 1 2 5 3 . 8 6 8 2 . 7 8 P>0.1
S - q u i n t i c 1 1 9 . 7 4 2 F<1
I n t e r a c t i o n  (GxS)  12 6 0 5 9 . 2 1 1 5 0 4 . 9 3 4 5 . 5 3 P < 0 . 0 0 1
E r r o r 80 7 3 0 2 . 1 7 2 91 . 2 7 7 2 . 2 2 P < 0 . 0 1
T h e o r e t i c a l  e r r o r
v a r i a n c e  4 1 . 0 5
T o t a l 99 4 8 9 3 2 . 1 9 1
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T a b l e  5 . 6 .  A n a l y s i s o f v a r i a n c e  o f E x p e r im e n t  5 . 6 .
SOURCE D.F . S .Q . MQ F P
T r e a t m e n t s 19 3 2183 .102 1693.847 14.247
G l y c e r o l  (G) 3 23012.491 7670 .830 6 4 .5 1 9 PC0.001
G - l i n e a r 1 1 9120 .562 160 .82 P<0.001
G - q u a d r a t i c 1 3611 .172 3 0 .3 7 P<0.001
G - c u b ic 1 230 .7 5 6 1 .94 P>0.1
S u c r o s e  (S) 4 5945 .769 1486 .442 1 2 .5 0 2 P<0.001
S - l i n e a r 1 1 840.285 15 .4 8 PC0.001
S - q u a d r i c 1 3351.161 2 8 .1 9 P<0.001
S - c u b i c 1 116 .2 1 0 F<1
S - q u i n t i c 1 638 .112 5 .3 7 PC0.05
I n t e r a c t i o n  (GxS) 1 2 3 2 2 4 .8 268 .737 2 .26 PC0.05
E r r o r 40 4 7 5 5 .7 2 3 1 18.893 2 .8 9 6 PC0.001
T h e o r e t i c a l  e r r o r  
v a r i a n c e 41 .05
T o t a l 59 36938 .825
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5 . 4 . 3 .  V i a b i l i t y  o f  e m b r y o s  i n  v i v o  a f t e r  r a p i d  f r e e z i n g  i n  
g l y c e r o l - s u c r o s e
I n  E x p e r i m e n t  5 . 7  t h e  e f f e c t s  o f  r a p i d  f r e e z i n g  a n d  24  h 
i n  v i t r o  c u l t u r e  on  t h e  p r o p o r t i o n  o f  r e c i p i e n t s  g i v i n g  
b i r t h ,  t h e i r  m ean  l i t t e r  s i z e  a n d  t h e  o v e r a l l  s u r v i v a l  r a t e  
o f  e m b r y o s  a r e  s u m m a r i z e d  i n  T a b l e  5 . 7 .
T h e r e  w e r e  no  s i g n i f i c a n t  t r e a t m e n t  e f f e c t s  a l t h o u g h  t h e  
p r o p o r t i o n  o f  f r o z e n - t h a w e d  em b ry o s  d e v e l o p i n g  t o  t e r m  was 
l e s s  t h a n  t h a t  o f  f r e s h  em b ry o s  and  more  e m b r y o s  s u r v i v e d  
when t r a n s f e r r e d  a f t e r  24h  in  v i t r o  c u l t u r e .
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Table 5.7. In vivo viability of rapidly frozen and fresh 
embryos after transfer into Day-3 recipients without or 
following 24 in vitro culture (Exp. 5.7)
Treatment
Freezing
of embryos 
Culture
Recipients 
givig birth
Me an
litter size
Overall survival
•krate of embryos
Frozen Not cultured 3/6 3.3 177«
Cultured 5/6 3.6 307«
Fresh Not cultured 4/6 4.0 277«
Cultured 5/6 4.6 387«
The number of embryos per treatment combination was 60.
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6 . 5 .  D i s c u s s i o n
The o sm o t ic  r e s p o n s e  o f  mouse embryos to  p e r m e a t i n g  
s o l u t e s ,  n o n - p e r m e a t i n g  s o l u t e s  and to  t h e  m i x t u r e s  o f  
p e r m e a t i n g  and n o n - p e r m e a t i n g  s o l u t e s  have  b e e n  d e s c r i b e d  by 
J a c k o w s k i ,  L e ibo  & Mazur (1 9 8 0 ) ,  Le ibo  ( 1 9 8 0 ) ,  Sz& ll  & 
S h e l t o n  (1986b)  and i n  C h a p te r  4 .  I n  t h e  s o l u t i o n s  o f  n o n ­
p e r m e a t i n g  s o l u t e s  l i k e  s u c r o s e  t h e  o s m o t ic  e q u i l i b r i u m  i s  
e s t a b l i s h e d  by s h r i n k a g e  and t h e r e  i s  no f u r t h e r  change  
a f t e r w a r d s .  I n  g l y c e r o l  ( J a c k o w s k i ,  Leibo  & Mazur, 1980) and 
i n  g l y c e r o l - s u c r o s e  s o l u t i o n s  ( C h a p te r  4; S z & l l  & S h e l t o n ,  
1986b) , h o w ever ,  g l y c e r o l  p e r m e a t i o n  c o n t i n u e s  a f t e r  th e
e s t a b l i s h m e n t  o f  o s m o t i c  e q u i l i b r i u m  a s  d e m o n s t r a t e d  by th e  
r e - e x p a n s i o n  o f  embryos .
The m ea su re m e n ts  o f  t h e  o s m o t ic  r e s p o n s e  w ere  b a s e d  on 
t h e  a s s u m p t io n  t h a t  t h e  sh a p e  o f  Day-3 mouse embryos i s  
s p h e r i c a l .  The v a l i d i t y  o f  t h i s  a s s u m p t io n  i s  p r o v e d  by t h e  
c l o s e  c o r r e l a t i o n  b e tw e e n  t h e  r e l a t i v e  volume o f  embryos and 
t h e  r e c i p r o c a l  o f  t h e  o s m o t i c  p r e s s u r e .  Osmotic  p r e s s u r e  
c r e a t e d  by g l y c e r o l  was n o t  c o n s i d e r e d  i n  F i g .  5.1 b e c a u s e  
a t  20°C a f t e r  10 min e x p o s u r e  to  g l y c e r o l - s u c r o s e  t h e  
embryos become a lm o s t  f u l l y  p e rm e a te d  by g l y c e r o l  (S z& ll  & 
S h e l t o n ,  1 9 8 6 b ) .  T h is  p r e s e n t a t i o n  made t h e  o s m o t i c  r e s p o n s e  
o f  t h e  embryos to  t h e  same s u c r o s e  c o n c e n t r a t i o n  i n  s u c r o s e  
and i n  g l y c e r o l - s u c r o s e  s o l u t i o n s  r e a d i l y  c o m p a r a b le .  The 
embryos r e s p o n d e d  o s m o t i c a l l y  to  i n c r e a s e s  i n  s u c r o s e  
c o n c e n t r a t i o n  i n  b o t h  s o l u t i o n s  by r e d u c i n g  t h e i r  vo lum e.
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The volume o f  embryos m easured  a f t e r  a c o n s t a n t  p e r i o d  o f  
e x p o s u r e  to  s u c r o s e  and g l y c e r o l - s u c r o s e  s o l u t i o n s  d e c r e a s e d  
a s  a f u n c t i o n  o f  s u c r o s e  c o n c e n t r a t i o n .  Most o f  t h e  ch an g e s  
i n  t h e  volume o f  embryos i n  b o t h  c a s e s  o c c u r r e d  w i t h i n  t h e  
r a n g e  o f  0 t o  0 . 5  M - s u c r o s e .  The d e v i a t i o n  from th e  
p r e d i c t e d  s h r i n k a g e  i n  1 .0  M - s u c r o s e  i n d i c a t e s  t h a t  embryos 
do n o t  r e s p o n d  t o  v e r y  h i g h  o s m o t ic  p r e s s u r e s  l i k e  " p e r f e c t  
o s m o m e te r s " .  T h is  d e v i a t i o n  means t h e  d e v e lo p m en t  o f  an 
o s m o t ic  p r e s s u r e  g r a d i e n t  b e tw ee n  t h e  e x t r a -  and 
i n t r a c e l l u l a r  s p a c e s .  E x ce ed in g  a t o l e r a b l e  l i m i t  i n  t h i s  
p r e s s u r e  d i f f e r e n c e  w i l l  i n e v i t a b l y  damage t h e  c e l l  
membrane. Such o s m o t ic  damage may e x p l a i n  t h e  t o x i c  e f f e c t s  
o f  h i g h l y  c o n c e n t r a t e d  s u c r o s e  s o l u t i o n s  ( C h a p t e r  3; S z £ l l  & 
S h e l t o n ,  1 9 8 6 a ) .  S i m i l a r  d e v i a t i o n s  from t h e  p r e d i c t e d  
v o l u m e t r i c  r e s p o n s e  w ere  found f o r  e r y t h r o c y t e s  when t h e  
o s m o l a l i t y  o f  n o n - p e r m e a t i n g  s o l u t e s  ex ce ed e d  1.1 o sm o la l  
(Meryman, 1 9 6 8 ) .  Red c e l l  g h o s t s  w h ich  have  no c e l l u l a r
c o n t e n t s ,  b u t  whose membrane c h a r a c t e r i s t i c s  a r e  s t i l l  
n o rm al  show no d e p a r t u r e  from t h e  p r e d i c t e d  osm o m etr ic  
r e s p o n s e .  T h i s  s u g g e s t s  t h a t  d e v i a t i o n s  i n  n o r m a l  c e l l s  a r e  
c a u se d  by t h e  c e l l u l a r  c o n t e n t s  (Meryman, 1 9 7 0 ) .
E x t r a p o l a t i o n  o f  t h e  r e g r e s s i o n  l i n e  o f  Exp. 5.1 to
i n f i n i t e l y  h i g h  o s m o l a l i t y  i n d i c a t e s  t h a t  a b o u t  137. o f  t h e  
i s o s m o t i c  volume o f  Day-3 mouse embryos i s  n o n - s o l v e n t
vo lum e.  S l i g h t l y  h i g h e r  e s t i m a t e s  have  b e en  made f o r  
f e r t i l i z e d  mouse ova and f o r  b o v i n e  embryos by L e ibo  (1980;  
1986) .
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The s m a l l e r  s l o p e  o f  t h e  r e g r e s s i o n  l i n e  f o r  embryos 
exposed  to  g l y c e r o l - s u c r o s e  t h a n  f o r  t h o s e  exposed  to  
s u c r o s e  can  be  e x p l a i n e d  by r e - e x p a n s i o n  i n  g l y c e r o l -  
s u c r o s e .  In  g l y c e r o l - s u c r o s e  s o l u t i o n  t h e  e x t r a c e l l u l a r  
o s m o t ic  p r e s s u r e  i s  c o u n t e r a c t e d  n o t  o n ly  by s h r i n k a g e  b u t  
a l s o  by i n t r a c e l l u l a r  g l y c e r o l .  T h e r e f o r e  a t  s u c r o s e  
c o n c e n t r a t i o n s  o f  0 .2 5  M o r  h i g h e r  l e s s  s h r i n k a g e  was 
r e q u i r e d  to  m a i n t a i n  o s m o t ic  e q u i l i b r i u m  i n  g l y c e r o l - s u c r o s e  
t h a n  i n  s u c r o s e  s o l u t i o n s .
The r e q u i r e m e n t  f o r  h i g h e r  g l y c e r o l  c o n c e n t r a t i o n s  d u r i n g  
r a p i d  f r e e z i n g  compared to  c o n t r o l l e d  r a t e  f r e e z i n g  c a n n o t  
b e  e x p l a i n e d  by p r o t e c t i o n  a g a i n s t  s o l u t i o n  e f f e c t s  s i n c e  
t h e  e x p o s u r e  to  su ch  e f f e c t s  i s  much s h o r t e r  ( C h a p te r  4; 
S z & l l  & S h e l t o n ,  1 9 8 6 b ) .  Meryman (1970) s u g g e s t e d  t h a t  t h e  
i n j u r y  o f  d e h y d r a t e d  c e l l s  d u r i n g  f r e e z i n g  i s  n o t  c a u s e d  by 
s p e c i f i c  e f f e c t s  o f  s a l t s  ( s o l u t i o n  e f f e c t s ) , b u t  by t h e  
i n c r e a s e d  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  s o l u t e s  i n  t h e  
e x t r a c e l l u l a r  s p a c e .  I n  PBS t h e  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  
s o l u t e s  i n c r e a s e s  t o  5 .0  m o la l  ( a b o u t  17 t i m e s  t h e  
i s o s m o t i c )  a t  -20°C ( R a i l ,  Mazur & Souzu,  1978; Mazur,  
1 9 8 0 ) .  The p r e s e n t  e x p e r i m e n t s  s u g g e s t  t h a t  embryos,
s i m i l a r l y  to  e r y t h r o c y t e s ,  a r e  u n a b l e  t o  m a i n t a i n  o sm o t ic  
e q u i l i b r i u m  w i t h  v e ry  c o n c e n t r a t e d  s o l u t i o n s  and a n  o sm o t ic  
p r e s s u r e  d i f f e r e n c e  w i l l  damage t h e  c e l l  membrane. G l y c e r o l  
d e c r e a s e s  t h e  e x t r a c e l l u l a r  o s m o l a l i t y  o f  n o n - p e r m e a t i n g  
s o l u t e s  due i t s  a b i l i t y  to  r e d u c e  t h e  f r o z e n  f r a c t i o n  o f  
w a t e r  ( R a i l ,  Mazur & Souzu,  1978) and i n c r e a s e s  t h e
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i n t r a c e l l u l a r  o s m o l a l i t y  t h r o u g h  p e r m e a t i o n .  T h is  s u g g e s t s  
t h a t  g l y c e r o l  p r o t e c t s  embryos d u r i n g  r a p i d  f r e e z i n g  t h r o u g h  
r e d u c i n g  t h e  o s m o t ic  p r e s s u r e  d i f f e r e n c e  b e tw e e n  t h e  e x t r a  
and i n t r a c e l l u l a r  s p a c e s .  A c o r o l l a r y  to  t h i s  e x p l a n a t i o n  i s  
t h a t  g l y c e r o l  m ust  p e rm e a te  t h e  c e l l s  to  e x e r t  i t s  
p r o t e c t i v e  e f f e c t  t h r o u g h  i n c r e a s i n g  t h e  i n t r a c e l l u l a r  
o s m o l a l i t y .  The p r e s e n t  r e s u l t s  which  showed t h a t  p r e v i o u s  
e x p o s u r e  to  s u c r o s e  r e d u c e d  t h e  r a t e  o f  g l y c e r o l  p e r m e a t i o n  
and r e s u l t e d  i n  lo w e r  p o s t - t h a w  s u r v i v a l  r a t e  compared  t o  no 
p r e t r e a t m e n t ,  s u p p o r t  t h i s  p r o p o s i t i o n .
The d i f f e r e n c e s  b e tw e e n  t h e  p o s t - t h a w  s u r v i v a l  o f  embryos 
a f t e r  1 - s t e p  and 2 - s t e p  a d d i t i o n  a r e  p r o b a b l y  a l s o  r e l a t e d  
to  a l t e r a t i o n s  i n  g l y c e r o l  p e r m e a t i o n .  I t  was found  t h a t  th e  
s u r v i v a l  r a t e  o f  embryos f r o z e n  i n  m ed ia  c o n t a i n i n g  3 . 0  o r  
4 . 0  M g l y c e r o l  was s u b s t a n t i a l l y  h i g h e r  and  l e s s  d ep en d e n t  
on s u c r o s e  c o n c e n t r a t i o n  u s i n g  2 - s t e p  r a t h e r  t h a n  1 - s t e p  
a d d i t i o n .  The optimum s u r v i v a l  r a t e  was a l s o  a t t a i n e d  a t  a 
lo w e r  g l y c e r o l  l e v e l  when t h e  embryos w ere  p l a c e d  f i r s t  i n t o  
g l y c e r o l  and t h e n  i n t o  g l y c e r o l - s u c r o s e .  The c o n c e n t r a t i o n s  
o f  s u c r o s e  and g l y c e r o l  i n  t h e  f r e e z i n g  medium w ere  i n  
i n t e r a c t i o n ;  t h e  o p t i m a l  r e s u l t s  were  o b t a i n e d  a t  h i g h e r  
s u c r o s e  c o n c e n t r a t i o n s  w i t h  i n c r e a s i n g  g l y c e r o l  l e v e l .  
B i e r y ,  S e i d e l  & E l s d e n  (1986) found a s i m i l a r  r e l a t i o n s h i p  
b e tw e e n  s u c r o s e  and g l y c e r o l  c o n c e n t r a t i o n s  f o r  r a p i d l y  
f r o z e n  Day-4 mouse embryos .
The r e s u l t s  o f  e x p e r i m e n t s  i n  C h a p t e r  3 showed t h a t  0 .5  
M - s u c r o s e  i s  a d e q u a t e  f o r  t h e  d i l u t i o n  o f  up t o  4 . 0  M
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c o n c e n t r a t i o n s  o f  g l y c e r o l .  I t  was t h e r e f o r e  assumed t h a t  i n  
t h e  p r e s e n t  e x p e r i m e n t s  t h e  d i l u t i o n  o f  2 . 0  to  5 . 0  M- 
g l y c e r o l  w i t h  1 .0  M - s u c r o s e  d id  n o t  c a u s e  any o s m o t ic  
dam age .
The o c c u r e n c e  o f  v i t r i f i c a t i o n  i n  c o n c e n t r a t e d  g l y c e r o l -  
s u c r o s e  s o l u t i o n s  i n d i c a t e s  t h a t  t h e r e  i s  no n e e d  to  u s e  
more complex m edia  which  r e q u i r e  s t e p - w i s e  a d d i t i o n  and 
r e m o v a l  a t  4°C ( R a i l  & F a h y , 1985) f o r  t h e  i c e - f r e e
c r y o p r e s e r v a t i o n  o f  mouse em bryos .  From t h e  p r e s e n t  
e x p e r i m e n t s ,  h ow ever ,  i t  a p p e a r s  t h a t  t h e r e  i s  no b e n e f i t  
o f f e r e d  by v i t r i f i c a t i o n  i n  a d d i t i o n  t o  t h a t  p r o v i d e d  by 
d e h y d r a t i o n  and t h e  p r e s e n c e  o f  a p e r m e a t i n g  c r y o p r o t e c t a n t .
Under o p t i m a l  c o n d i t i o n s  t h e  i n  v i t r o  s u r v i v a l  r a t e  o f  
f r o z e n - t h a w e d  embryos (90-957») was a lm o s t  i d e n t i c a l  w i t h  t h e  
v i a b i l i t y  o f  u n f r o z e n  embryos (90-997») o b t a i n e d  i n  C h a p t e r  
3 .  The i n  v i v o  v i a b i l i t y  o f  r a p i d l y  f r o z e n  was lo w e r  t h a n  
t h a t  o f  f r e s h  embryos i n d i c a t i n g  t h a t  r a p i d  f r e e z i n g  c a u s e s  
s u b s t a n t i a l  damage to  em bryos .  The d i f f e r e n c e  b e tw e e n  t h e  
v i a b i l i t y  o f  f r e s h  and r a p i d l y  f r o z e n  embryos was l e s s  t h a n  
t h a t  r e p o r t e d  f o r  embryos f r o z e n  a t  c o n t r o l l e d  r a t e s  
( W h i t t i n g h a m , Lyon & G l e n i s t e r ,  19 77a; R a i l ,  Wood & K i r b y ,  
1 9 8 4 ) .  W h i t t in g h a m ,  Lyon & G l e n i s t e r  (1977a)  c u l t u r e d  
f r o z e n - t h a w e d  Day-3 mouse embryos b e f o r e  t r a n s f e r r i n g  them 
i n t o  r e c i p i e n t s .  The b e n e f i c i a l  e f f e c t  o f  s h o r t  t e r m  c u l t u r e  
on s u b s e q u e n t  i n  v iv o  d e v e lo p m e n t  o f  Day-4 embryos f r o z e n  a t  
c o n t r o l l e d  r a t e s  was r e p o r t e d  by R a i l ,  Wood & K irb y  (1984) 
and t h e  p r e s e n t  r e s u l t s  c o n f i r m  t h i s  f o r  r a p i d l y  f r o z e n  Day-
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3 em bryos .  McLaren & M i t c h i e  (1 956) showed t h a t  t h e  s u r v i v a l  
r a t e  o f  t r a n s f e r r e d  mouse embryos was b e t t e r  when th e  
r e c i p i e n t s  w ere  a t  a n  e a r l i e r  t h a n  s y n c h r o n o u s  s t a g e  o f  
p s e u d o p r e g n a n c y .  D ur ing  24 h c u l t u r e  3 -  t o  1 6 - c e l l  embryos 
d e v e lo p e d  t o  l a t e  m o r u la e  o r  e a r l y  b l a s t o c y s t s .  D i f f e r e n c e  
i n  t h e  s t a g e  o f  d e v e lo p m en t  a t  t h e  t im e  o f  t r a n s f e r  may 
e x p l a i n  t h e  b e t t e r  s u r v i v a l  o f  embryos t r a n s f e r r e d  a f t e r  
h c u l t u r e  compared t o  t h o s e  t r a n s f e r r e d  w i t h o u t  c u l t u r e .
24
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CHAPTER 6: EXPERIMENTS ON THE OSMOTIC CHARACTERISTICS AND 
RAPID FREEZING OF CATTLE AND SHEEP EMBRYOS
6.1. Summary
In a series of experiments the osmotic characters tics of 
Day-7 cattle and Day-6 sheep embryos were investigated. Ten 
min exposure to increasing concentrations of sucrose caused 
a proportional decrease in the volume of sheep late morulae; 
the relative volume of embryos changed as a linear function 
of the reciprocal of the osmolality of the medium.
Cattle and sheep embryos responded to the addition of 
permeating cryoprotectants by an initial shrinkage followed 
by gradual re-expansion. The relative volume of cattle 
embryos 1.25 min after the addition of 2.0 M-glycerol or 2.0 
M-ethylene glycol was reduced to 5 57» and 807o of the 
isosmotic respectively. The volume of embryos in glycerol 
remained smaller than in ethylene glycol up to the final 
observation at 30 min. Similar results were obtained with 
sheep embryos; in 2.0 M-ethylene glycol there was less 
initial shrinkage and. the relative volume of embryos was 
greater than in 2.0 M-glycerol. The osmotic response of 
sheep late morulae to 2.0 M-propylene glycol was 
intermediate between their response to 2.0 M-glycerol and to 
2.0 M-ethylene glycol. The data indicate that cattle and 
sheep embryos are more permeable to ethylene glycol than to 
glycero1.
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E x p e r im e n t s  on g l y c e r o l  r em o v a l  from sheep  embryos were 
c a r r i e d  o u t  by i n - s t r a w  s u c r o s e  d i l u t i o n .  When 2 . 0  M t o  4 . 0  
M - g l y c e r o l  was d i l u t e d  w i t h  1 .0  M -s u c ro s e  a t  20°C o r  a t  35°C 
4 /1 3  and 2 7 /3 8  embryos d e v e lo p e d  i n  s u b s e q u e n t  c u l t u r e  
r e s p e c t i v e l y .
A t o t a l  o f  28 c a t t l e  and 21 sheep  embryos w ere  f r o z e n  
r a p i d l y  t o  -30°C ,  -35°C o r  -180°C i n  f r e e z i n g  media 
c o n t a i n i n g  2 . 0  to  4 . 0  M c o n c e n t r a t i o n s  o f  g l y c e r o l ,  
p r o p y l e n e  g l y c o l  o r  e t h y l e n e  g l y c o l  + 0 .2 5  to  1 .0  M - s u c r o s e .  
None o f  t h e  r a p i d l y  f r o z e n  embryos d e v e lo p e d  i n  s u b s e q u e n t  
c u l t u r e .  The r e s u l t s  i n d i c a t e  t h a t  t h e  r e q u i r e m e n t s  f o r  
s u c c e s s f u l  r a p i d  f r e e z i n g  o f  c a t t l e  and sh eep  embryos a r e  
d i f f e r e n t  from t h o s e  f o r  mouse embryos .
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6 . 2 .  I n t r o d u c t i o n
The p r i n c i p l e s  o f  d e h y d r a t i o n  by a n o n - p e r m e a b l e  s o l u t e  
r a t h e r  t h a n  by s low  f r e e z i n g  r a t e s  were  f i r s t  e x p l o i t e d  f o r  
t h e  c r y o p r e s e r v a t i o n  o f  r a b b i t  embryos (Nguyen, Renard  & 
G a m i e r ,  1 9 8 3 ) .  S u b s e q u e n t l y  B u i -X uan-N guyen , Heyman St 
Renard  (1984)  and V i n c e n t  e t  a l . ,  (1985) r e p o r t e d  t h a t  
c a t t l e  embryos s u r v i v e d  r a p i d  f r e e z i n g  when d i r e c t  f r e e z i n g  
t o  an  i n t e r m e d i a t e  t e m p e r a t u r e  o f  -25  to  -30°C was f o l l o w e d  
by t r a n s f e r  i n t o  l i q u i d  n i t r o g e n .
E x p e r im e n t s  d e s c i b e d  i n  t h e  p r e v i o u s  C h a p te r s  w e re  b a s e d  
on t h e  p r i n c i p l e  o f  d e h y d r a t i o n  by a n o n -p e rm e a b l e  s o l u t e  to  
p r o t e c t  a g a i n s t  i n t r a c e l l u l a r  f r e e z i n g .  S t u d i e s  on t h e  
e f f e c t s  o f  t h e  c o m p o s i t i o n  o f  t h e  f r e e z i n g  medium,
c o n d i t i o n s  o f  e q u i l i b r a t i o n ,  r a t e  o f  th aw in g  and c o n d i t i o n s  
o f  g l y c e r o l  r em o v a l  a f t e r  th aw in g  were  c a r r i e d  o u t  w i t h  
mouse em bryos .  The o p t i m a l  p r o c e d u r e  r e s u l t e d  i n  h i g h  i n  
v i t r o  and i n  v iv o  s u r v i v a l  o f  r a p i d l y  f r o z e n  em bryos .  The 
r e s u l t s  o f  C h a p te r s  3, 4 and 5 and t h o s e  r e p o r t e d  i n  t h e
l i t e r a t u r e  ( K a s a i ,  Niwa Sc I r i t a n i ,  1980; Miyamoto Sc
I s h i b a s h i ,  1983; S z e l l  Sc S h e l t o n ,  1 986a ,  b) i n d i c a t e d  t h a t  
r a p i d  f r e e z i n g  r e q u i r e d  h i g h e r  c r y o p r o t e c t a n t
c o n c e n t r a t i o n s  f o r  maximum s u r v i v a l  t h a n  c o n t r o l l e d  r a t e  
f r e e z i n g  (L e ibo  Sc Mazur,  1 9 7 4 ) .
R e l i a b l e  t e c h n i q u e s  f o r  r a p i d  f r e e z i n g  o f  embryos o f  fa rm  
a n i m a l s  would p r o v i d e  a v e r y  s i m p l e  a l t e r n a t i v e  t o  t h e  
c u r r e n t l y  u sed  p r o c e d u r e s .  S p e c i e s  d i f f e r e n c e s  i n  t h e  s i z e
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and o s m o t ic  c h a r a c t e r s  t i c s  may e x p l a i n  t h e  lo w e r  r e s i s t a n c e  
o f  sh e ep  and c a t t l e  embryos to  o s m o t i c  changes  ( W i l l a d s e n ,  
P o l g e ,  Rowson & Moor, 1976) compared to  mouse embryos 
( S c h n e i d e r  & M au re r ,  1 9 8 3 ) .  These  d i f f e r e n c e s  s u g g e s t e d  t h a t  
p r o c e d u r e s  f o r  r a p i d  f r e e z i n g  o f  mouse embryos may n o t  be  
a p p l i e d  t o  farm a n im a l s  w i t h o u t  a l t e r a t i o n s .  The a im  o f  t h i s  
C h a p t e r  was to  s t u d y  t h e  s p e c i f i c  r e q u i r e m e n t s  o f  c a t t l e  and 
sh e ep  embryos f o r  r a p i d  f r e e z i n g .  E x p e r im e n t s  were  d e s i g n e d  
t o  i n v e s t i g a t e  t h e  o s m o t ic  r e s p o n s e s  o f  c a t t l e  and sh eep  
embryos to  h y p e r t o n i c  s o l u t i o n s  and to  s t u d y  t h e  c o n d i t i o n s  
r e q u i r e d  f o r  t h e  r em o v a l  o f  c r y o p r o t e c t a n t s  and f o r  r a p i d  
f r e e z i n g .
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6.3. Design and evaluation of experiments 
6.3.1. Osmotic studies
Experiment 6.1. The osmotic response of sheep morulae to
sucrose was investigated.
Embryos were placed into successively more 
concentrated solutions and their volume was estimated after 
10 min exposure to each solution. Experiment 6.1 had 4 
replications.
Experiments 6.2 and 6.3. The osmotic response of cattle 
embryos to permeating cryoprotectants was investigated. The 
volume of cattle morulae (Exp. 6.2) and early blastocysts 
(Exp. 6.3) was measured after 1.25, 2.5, 5, 10, 15, 20, 25
and 30 min exposure to 2.0 M glycerol or 2.0 M-ethylene 
glycol at 20°C. Experiments 6.2 and 6.3 had 4 replications.
Experiments 6.4 and 6.5. The osmotic response of sheep 
embryos to permeating cryoprotectants was investigated. The 
volume of sheep morulae (Exp. 6.4) and sheep early
blastocysts (Exp. 6.5) was measured after 1.25, 2.5, 5, 10, 
15, 20, 25 and 30 min exposure to 2.0 M solutions of 
glycerol, propylene glycol or ethylene glycol at 20°C. 
Experiments 6.4 and 6.5 had 4 replications.
The results of Experiments 6.1, 6.2, 6.3, 6.4 and 6.5 were
expressed as a percentage of isosmotic volume.
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6 . 3 . 2 .  S tu d y  o f  t h e  e f f e c t  o f  e x p o s u r e  t o  s u c r o s e  on th e  
v i a b i l i t y  o f  u n f r o z e n  sh e ep  embryos
E x p e r im e n t  6 . 6 .  I n  a 2 x 2 x  2 e x p e r i m e n t a l  d e s i g n  
sh e e p  embryos were  p l a c e d  i n t o  0 .5  ml i n s e m i n a t i o n  s t r a w s  
c o n t a i n i n g  0 o r  1 .0  M -s u c ro s e  i n  PBS + 57o FCS f o r  1 0 o r  20 
min a t  20 o r  35°C. I n  4 r e p l i c a t i o n s  10 embryos (2 e a r l y  
m o r u l a e ,  6 l a t e  m o ru la e  and 4 e a r l y  b l a s t o c y s t s )  w e re  u se d  
p e r  t r e a t m e n t  c o m b i n a t i o n .  The v i a b i l i t y  o f  embryos was 
e v a l u a t e d  by i n  v i t r o  c u l t u r e
6 . 3 . 3 .  S tu d y  o f  i n - s t r a w  s u c r o s e  d i l u t i o n  o f  g l y c e r o l  from 
u n f r o z e n  sh e ep  embryos
E x p e r im e n t  6 . 7 .  The d e v e l o p m e n t a l  p o t e n t i a l  o f  sheep  
embryos was s t u d i e d  a f t e r  i n - s t r a w  s u c r o s e  d i l u t i o n  o f  2 . 0 ,  
3 . 0  o r  4 . 0  M - g l y c e r o l  a t  20°C. The embryos w ere  p i p e t t e d  
i n t o  2 . 0 ,  3 .0  o r  4 . 0  M - g l y c e r o l  i n  2, 3 o r  4 e q u a l  s t e p s  
r e s p e c t i v e l y  o v e r  a t o t a l  p e r i o d  o f  20 min a t  20°C. 
S u b s e q u e n t l y  t h e  embryos were  p l a c e d  i n t o  medium c o n t a i n i n g  
t h e  same g l y c e r o l  c o n c e n t r a t i o n  + 0 .2 5  M -s u c ro s e  i n  0 . 5  ml 
p l a s t i c  i n s e m i n a t i o n  s t r a w s .  The s u c r o s e  d i l u e n t  f r a c t i o n  o f  
t h e  s t r a w s  c o n t a i n e d  1 . 0  M - s u c r o s e .  F iv e  min l a t e r  t h e  
g l y c e r o l - s u c r o s e  and t h e  s u c r o s e  d i l u e n t  f r a c t i o n s  o f  th e  
s t r a w  were  mixed and 10 min a t  20°C was a l l o w e d  f o r  g l y c e r o l  
r e m o v a l .
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Experiment 6.8. The effect of sucrose concentration (1.0 
or 1.5 M) used for in-straw dilution of 2.0 M-glycerol was 
studied under two different conditions; the duration of 
sucrose dilution was 20 min at 20°C or 5 min at 35°C. The
embryos were exposed to glycerol for 20 min at 20°C before
dilution.
Experiment 6.9. The effect of the time (5 or 10 min)
allowed for in-straw dilution of 2.0 or 4.0 M-glycerol with
1.0 M-sucrose at 35°C on the survival of unfrozen embryos 
was studied. The embryos were placed into 2.0 or 4.0 M- 
glycerol in 1 or 2 steps respectively and exposed to 
glycerol for a total period of 20 min at 20°C before 
dilution.
The viability of unfrozen sheep embryos after glycerol 
removal was evaluated by in vitro culture.
6.3.4. Studies on the rapid freezing of embryos
6.3.4.1. Rapid freezing of cattle embryos
Experiment 6.10. In a preliminary experiment 2 cattle 
embryos were placed in 1-step into 5.0 M-glycerol +0.5 M- 
sucrose for 10 min. One of the embryos was frozen by direct 
transfer to -180°C in a 0.5 ml plastic straw; the other
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s e r v e d  a s  an u n f r o z e n  c o n t r o l  and was s u b j e c t e d  to  t h e  same 
c r y o p r o t e c t a n t  rem o v a l  p r o c e d u r e  a s  t h e  f r o z e n  embryo a f t e r  
10 min e x p o s u r e  to  g l y c e r o l - s u c r o s e .  The f r o z e n  embryo was 
thawed i n  a w a t e r  b a t h  a t  35°C. The f r e e z i n g  medium f r a c t i o n  
o f  t h e  s t r a w  was mixed w i t h  1 .0  M -s u c ro s e  d i l u e n t  and th e n  
10 min a t  20°C was a l l o w e d  f o r  g l y c e r o l  r e m o v a l .
E x p e r im e n t  6 . 1 1 .  The e f f e c t s  o f  t r a n s f e r  t e m p e r a t u r e  and 
g l y c e r o l  c o n c e n t r a t i o n  on t h e  s u r v i v a l  o f  r a p i d l y  f r o z e n  
c a t t l e  embryos w e re  i n v e s t i g a t e d .  C a t t l e  embryos w e re  f r o z e n  
by d i r e c t  t r a n s f e r  t o  -35°C o r  -180°C i n  2 .0  o r  4 . 0  M- 
g l y c e r o l  + 0 . 5  M s u c r o s e  o r  i n  2 . 0  M -p ro p y le n e  g l y c o l  + 0 .5  
M - s u c r o s e  i n  0 .5  ml s t r a w s .  The s t r a w s  c o n t a i n e d  1 .0  M- 
s u c r o s e  s o l u t i o n  a s  c r y o p r o t e c t a n t  d i l u e n t .  The embryos w ere  
p l a c e d  i n t o  2 .0  M - g l y c e r o l  o r  p r o p y l e n e  g l y c o l  i n  1 - s t e p  fo r  
20 min o r  i n t o  2 . 0  M g l y c e r o l  f o r  10 min and t h e n  i n t o  4 . 0  M 
g l y c e r o l  f o r  a n o t h e r  10 m in .  B e fo re  f r e e z i n g  t h e  embryos 
w e re  exp o sed  t o  medium c o n t a i n i n g  t h e  f i n a l  c r y o p r o t e c t a n t  
c o n c e n t r a t i o n  + 0 .5  M - s u c r o s e  f o r  5 m in .  The s t r a w s  were 
thawed i n  3 5 °C w a t e r  b a t h .  A f t e r  m ix ing  w i t h  t h e  s u c r o s e  
d i l u e n t  10 min a t  35°C was a l lo w e d  f o r  c r y o p r o t e c t a n t  
r e m o v a l .
E x p e r im e n t  6 . 1 2 .  The c r y o p r o t e c t i o n  p r o v i d e d  by g l y c e r o l  
and e t h y l e n e  g l y c e r o l  was compared a t  two t r a n s f e r  
t e m p e r a t u r e s .  C a t t l e  embryos which  w ere  c u l t u r e d  o v e r n i g h t  
t o  l a t e  b l a s t o c y s t  s t a g e  were  f r o z e n  d i r e c t l y  t o  -35°C o r  -
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180°C i n  4 .0  M - g l y c e r o l  o r  4 . 0  M - e t h y le n e  g l y c o l  + 0 .5  M- 
s u c r o s e .  The methods o f  c r y o p r o t e c t a n t  a d d i t i o n ,  th aw in g  
and c r y o p r o t e c t a n t  r em o v a l  were t h e  same a s  f o r  E x p er im e n t  
6 . 1 1 .
A f t e r  c r y o p r o t e c t a n t  rem o v a l  c a t t l e  embryos were  washed 
i n  PBS + 57» FCS and t h e n  c u l t u r e d  i n  v i t r o .
6 . 3 . 4 . 2 .  Rapid  f r e e z i n g  o f  sheep  embryos
E x p e r im e n t  6 . 1 3 .  The e f f e c t s  o f  g l y c e r o l  ( 2 . 0  o r  4 . 0  M) 
and  s u c r o s e  ( 0 .2 5  o r  0 .5  M) c o n c e n t r a t i o n s  i n  t h e  f r e e z i n g  
medium on t h e  s u r v i v a l  o f  sheep  embryos f r o z e n  by d i r e c t  
t r a n s f e r  t o  -180°C i n  0 .5  ml s t r a w s  were  s t u d i e d .  The 
embryos w ere  p l a c e d  i n t o  g l y c e r o l  i n  1 .0  M s t e p s  o v e r  a 
t o t a l  p e r i o d  o f  20 min and t h e n  i n t o  g l y c e r o l - s u c r o s e  f o r  5 
min b e f o r e  f r e e z i n g  by d i r e c t  t r a n s f e r  t o  -1 8 0 °C .  The s t r a w s  
were  thawed i n  a w a t e r  b a t h  a t  3 5 °C and a f t e r  m ix in g  t h e  two 
f r a c t i o n s  w i t h i n  t h e  s t r a w ,  5 min a t  35°C was a l l o w e d  f o r  
g l y c e r o l  r e m o v a l .
E x p e r im e n t  6 . 1 4 .  The v i a b i l i t y  o f  sheep  embryos f r o z e n  by 
d i r e c t  t r a n s f e r  t o  -30°C was s t u d i e d .  The embryos were 
p l a c e d  i n t o  f r e e z i n g  m ed ia  c o n t a i n i n g  2 . 0  M - g l y c e r o l  + 0 . 2 5 ,  
0 .5  o r  1 .0  M - s u c r o s e  i n  0 .25  ml p l a s t i c  i n s e m i n a t i o n  s t r a w s  
and f r o z e n  by d i r e c t  t r a n s f e r  t o  -30°C f o r  30 m in  o r  l e f t  
u n f r o z e n .  The embryos were  p l a c e d  i n t o  2 .0  M - g l y c e r o l  i n  1-
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s t e p  f o r  20 rain and t h e n  i n t o  g l y c e r o l - s u c r o s e  f o r  a n o t h e r  5 
rain. F ro z e n  s t r a w s  w ere  thawed i n  a w a t e r  b a t h  a t  35 °C and 
a f t e r  m ix in g  t h e  f r e e z i n g  medium w i t h  t h e  s u c r o s e  d i l u e n t  5 
rain a t  35°C was a l l o w e d  f o r  g l y c e r o l - r e m o v a l  from f r o z e n -  
thawed and from u n f r o z e n  em bryos .
E x p e r im e n t  6 . 1 5 .  The v i a b i l i t y  o f  sheep  embryos a f t e r  
d i r e c t  f r e e z i n g  t o  -30°C i n  e t h y l e n e  g l y c o l - s u c r o s e  was 
i n v e s t i g a t e d .  The embryos w ere  e x p o sed  t o  2 . 0  M - e t h y le n e  
g l y c o l  f o r  20 min and t h e n  to  2 .0  M - e t h y le n e  g l y c o l  + 0 . 5  M- 
s u c r o s e  f o r  a n o t h e r  5 min.  S u b s e q u e n t l y  t h e  embryos were  
f r o z e n  d i r e c t l y  t o  -30°C f o r  30 min and t h e n  th aw ed ,  o r  were 
f r o z e n  d i r e c t l y  to  -30°C f o r  30 m in  and t r a n s f e r r e d  i n t o  
l i q u i d  n i t r o g e n  b e f o r e  t h a w in g ,  o r  were  l e f t  u n f r o z e n .  
F r o z e n  embryos w ere  thawed i n  w a t e r  b a t h  a t  3 5 °C and a f t e r  
m ix in g  t h e  f r e e z i n g  medium w i t h  t h e  s u c r o s e  d i l u e n t  10 min 
a t  35°C was a l l o w e d  f o r  c r y o p r o t e c t a n t  r e m o v a l .
A f t e r  c r y o p r o t e c t a n t  rem o v a l  sheep  embryos w ere  washed i n  
PBS + 57o FCS and t h e n  c u l t u r e d  i n  v i t r o .
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6.4. Results
6.4.1. Osmotic response of sheep morulae to sucrose
solutions
Increases in the osmolality of the medium due to higher 
sucrose concentrations reduced the equilibrium volume of 
embryos. The relationship between the reciprocal of the 
calculated osmolality of the medium and the relative volume 
of embryos was linear (P<0.001) (Fig. 6.1, Plate 6.1 and
Table 6.1). A linear regression line was fitted to the data 
by the method of least squares (Y = 17.24 + 23.32 X; where Y 
is the predicted relative volume of embryos in equilibrium 
and X is the reciprocal of the osmolality of the medium). 
The greatest deviation between the predicted and the 
observed volume of embryos occurred at 1.0 M-sucrose, but 
this was not unusually high (P>0.2). The correlation between 
the relative volume and the reciprocal of the osmolality was 
close (r = 0.998). Extension of the regression line to
infinitely high osmolality, where the reciprocal of
osmolality is 0, indicated that the non-solvent volume of
sheep morulae is about 17%.
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Sucrose cone. (M)
0.125
1/Osmolality
F i g .  6 . 1 .  P e r c e n t a g e  o f  i s o s m o t i c  volume volume o f  sh e ep  m or u la e  a s  a 
f u n c t i o n  o f  t h e  r e c i p r o c a l  o f  o s m o l a l i t y .  Four  she ep  m o r u la e  w er e  p l a c e d  
i n t o  s u c c e s s i v e l y  more c o n c e n t r a t e d  s u c r o s e  s o l u t i o n s  p r e p a r e d  i n  PBS + 57»
FCS and t h e i r  volume was measu red  a f t e r  10 min e x p o s u r e .  L i n e a r  r e g r e s s i o n  
l i n e  was f i t t e d  on t h e  datum p o i n t s  by t h e  method o f  l e a s t  s q u a r e s  (Exp.  
6 . 1 ) .
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P l a t e  6 . 1 .  Osmotic  r e s p o n s e  o f  2 sheep  m o ru la e  to  i n c r e a s i n g  
s u c r o s e  c o n c e n t r a t i o n s  i n  PBS + 57o FCS. The embryos were 
p h o t o g r a p h e d  i n  0 (1 a ,  2 a ) ,  0 .1 2 5  (1 b ,  2 b ) ,  0 .2 5  (1 c ,  2 c ) ,
0 .5  (1d ,  2d) and 1 .0  M - s u c r o s e  a f t e r  10 min e x p o s u r e  a t
20°C.

149
T a b le  6 . 1 .  A n a l y s i s  o f  v a r i a n c e  f o r  l i n e a r  r e g r e s s i o n  o f  
E x p e r im e n t  6 . 1 .
SOURCE D.F . SQ MQ F P
R e g re s s  io n 1 2 7 5 0 .8 3 8 2750 .838  7 0 6 .5 3 P<0.001
Res i d u a l 3 1 1.6 80 3 .8 9 3
T o t a l 4 2762 .518
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6 . 4 . 2 .  Osmotic  r e s p o n s e  o f  c a t t l e  embryos t o  p e r m e a t i n g  
c r y o p r o t e c t a n t s
The r e s u l t s  o f  E x p e r im e n t s  6 . 2  and 6 . 3  a r e  shown i n  
F i g u r e s  6 .2  and 6 .3  and i n  T a b le  6 . 2 .  The r e s u l t s  w i t h  l a t e  
m o r u la e  and e a r l y  b l a s t o c y s t s  w e re  s i m i l a r ;  a t  t h e  e a r l i e s t  
o b s e r v a t i o n  (1 .2 5  min) t h e  mean volume o f  embryos i n  2 .0  M- 
g l y c e r o l  was r e d u c e d  t o  a b o u t  557, w h i l e  i n  2 . 0  M - e t h y le n e  
g l y c o l  a volume r e d u c t i o n  t o  a b o u t  807, o c c u r r e d .  D ur ing  th e  
s u b s e q u e n t  e q u i l i b r a t i o n  p e r i o d  t h i s  volume d i f f e r e n c e  
d e c r e a s e d ,  b u t  t h e  volume o f  embryos i n  e t h y l e n e  g l y c o l  
r e m a in e d  g r e a t e r .  A f t e r  30 min e x p o s u r e  t h e  mean volume o f  
embryos i n  e t h y l e n e  g l y c o l  i n c r e a s e d  to  above 100% o f  th e  
i s o s m o t i c  w h i l e  i n  g l y c e r o l  i t  was s l i g h t l y  be lo w  1007,.
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T a b le  6 . 2 .  The mean volume o f  c a t t l e  l a t e  m o ru la e  and  e a r l y  
b l a s t o c y s t s  a s  a f u n c t i o n  o f  t h e  d u r a t i o n  o f  e x p o s u r e  t o  2 . 0  M-
g l y c e r o l  o r 2 .0  M - e th y le n e  g l y c o l  a t 20 °C (Exps 6 .2 and 6 . 3 )  .
Embryonic
s t a g e
C r y o p r o t  e c t a n t D u r a t i o n o f  e x p o s u r e  (min)
1 .25 2 .5 5 10 15 20 25 30
M orula G l y c e r o 1 56 66 75 86 89 93 95 96
E t h y l e n e  g l y c o l  79 84 91 98 101 103 105 106
Bias  to c y s  t G l y c e r o l 54 63 74 85 90 95 97 98
E t h y l e n e  g l y c o l 81 88 94 101 105 107 108 108
The number o f  c a t t l e  m o r u la e  and b l a s t o c y s t s  exp o sed  to  g l y c e r o l  
o r  e t h y l e n e  g l y c o l  was 4 .
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6 . 4 . 3 .  Osmotic  r e s p o n s e  o f  sh e ep  embryos to  p e r m e a t i n g  
c r y o p r o t e c t a n t s
The r e s u l t s  o f  E x p e r im e n t s  6 . 4  and 6 .5  a r e  shown i n  
F i g u r e s  6 . 4  and 6 .5  and i n  T a b le  6 . 3 .  A f t e r  t h e  i n i t i a l  
s h r i n k a g e  t h e  embryos g r a d u a l l y  r e - e x p a n d e d .  The volume o f  
l a t e  m o ru la e  and e a r l y  b l a s t o c y s t s  d u r i n g  t h e  p e r i o d  o f  
o b s e r v a t i o n  was s m a l l e r  i n  g l y c e r o l  t h a n  i n  e t h y l e n e  g l y c o l .
The r e s p o n s e  o f  l a t e  m o r u la e  t o  p r o p y l e n e  g l y c o l  and  to  
g l y c e r o l  was s i m i l a r  a t  t h e  t im e  o f  t h e  f i r s t  o b s e r v a t i o n  
(1 .2 5  m i n ) .  S u b s e q u e n t l y  t h e i r  volume i n  e a c h  s o l u t i o n  
i n c r e a s e d  g r a d u a l l y  u n t i l  t h e  f i n a l  o b s e r v a t i o n  a t  30 min; 
t h e  i n i t i a l  d i f f e r e n c e s  i n  t h e  r e s p o n s e  t o  t h e  t h r e e  
c r y o p r o t e c t a n t s  d e c r e a s e d .
The volume o f  e a r l y  b l a s t o c y s t s  i n  e t h y l e n e  g l y c o l  and  
p r o p y l e n e  g l y c o l  was h i g h e r  t h a n  i n  g l y c e r o l  a f t e r  1 .2 5  m in  
e x p o s u r e .  A f t e r  1 .25 min t h e  r a t e  o f  r e - e x p a n s i o n  was s i m l a r  
i n  g l y c e r o l  and i n  e t h y l e n e  g l y c o l  up t o  30 min and i n  
p r o p y l e n e  g l y c o l  up t o  10 m in .  I n  p r o p y l e n e  g l y c o l  t h e  
volume o f  e a r l y  b l a s t o c y s t s  d id  n o t  i n c r e a s e  a f t e r  10 m in .
6 . 4 . 4 .  V i a b i l i t y  o f  u n f r o z e n  sheep  embryos a f t e r  e x p o s u r e  t o  
s u c r o s e
At 20°C e x p o s u r e  to  1 .0  M s u c r o s e  d id  n o t  h ave  a d v e r s e  
e f f e c t s ,  b u t  a t  3 5 °C 20 min e x p o s u r e  t e n d e d  to  d e c r e a s e  t h e  
v i a b i l i t y  o f  embryos (Exp. 6 . 6 ;  T a b le  6 . 4 ) .
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T a b le  6 . 3 .  The mean volume o f  sheep  l a t e  m o r u l a  and e a r l y  
b l a s t o c y s t s  a s  a f u n c t i o n  o f  t h e  d u r a t i o n  o f  e x p o s u r e  to  2 .0  
M - g l y c e r o l ,  2 . 0  M - p ro p y le n e  g l y c o l  o r  2 . 0  M - e t h y le n e  g l y c o l  
a t  20°C (Exps 6 . 4  and 6 . 5 ) .
Embryonic
s t a g e
C r y o p r o t e c t a n t D u r a t i o n  o f  e x p o s u r e  (min)
1 .25 2 .5 5 10 15 20 25 30
M oru la G l y c e r o l 57 63 72 81 86 90 92 94
P r o p y l e n e  g l y c o l  62 67 76 87 92 96 97 99
E t h y l e n e  g l y c o l 77 81 86 92 96 98 100 100
B l a s t o c y s t G l y c e r o l 50 57 64 72 79 84 87 88
P r o p y l e n e  g l y c o l  68 73 82 91 90 89 88 88
E t h y l e n e  g l y c o l 71 75 83 90 95 100 101 104
The number o f  sh e ep  l a t e  m o r u la e  and e a r l y  b l a s t o c y s t s  exp o sed  to  
g l y c e r o l ,  p r o p y l e n e  g l y c o l  o r  e t h y l e n e  g l y c o l  was 4 .
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T a b le  6 . 4 .  E f f e c t  o f  e x p o s u r e  to  s u c r o s e  on t h e  p r o p o r t i o n  
o f  sheep  embryos d e v e l o p i n g  i n  c u l t u r e  (Exp 6 .6 )
Temp.{'°C) S u c r o s e
c o n e .  (M)
D u r a t i o n o f  E x p o su re  (min)
10 20
20 0 7 /12 6 /12
1 10/12 8 /1 2
35 0 8/12 7 /12
1 8/12 4 /1 2
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6 . 4 . 5 .  V i a b i l i t y  o f  u n f r o z e n  sh eep  embryos a f t e r  s u c r o s e  
d i l u t i o n  o f  g l y c e r o l
I n  E x p e r im e n t  6 .7  t h e  i n - s t r a w  d i l u t i o n  o f  2 . 0 ,  3 . 0  o r  
4 . 0  M - g l y c e r o l  was c a r r i e d  o u t  a t  20°C w i t h  1 .0  M - s u c r o s e .  
Seven embryos (3 l a t e  m o r u la e ,  3 e a r l y  b l a s t o c y s t s  and 1 
l a t e  b l a s t o c y s t )  were  u s e d .  The p r o p o r t i o n  o f  embryos 
d e v e l o p i n g  a f t e r  d i l u t i o n  o f  2 . 0 ,  3 . 0  o r  4 . 0  M - g l y c e r o l  was 
0 / 1 ,  1 /3  and 0 /3  r e s p e c t i v e l y .
In  E x p e r im e n t  6 . 8  t h e  c o n c e n t r a t i o n  o f  s u c r o s e  ( 1 . 0  o r  
1 .5  M) u s e d  f o r  t h e  d i l u t i o n  o f  2 .0  M - g l y c e r o l  and th e  
c o n d i t i o n s  o f  d i l u t i o n  (5 min a t  35°C o r  20 m in  a t  20°C) d id  
n o t  a f f e c t  t h e  v i a b i l i t y  o f  embryos i n  s u b s e q u e n t  c u l t u r e  
(T a b le  6 . 5 ) .
I n  E x p e r im e n t  6 .9  t h e  v i a b i l i t y  was e q u a l l y  good when 5 
o r  10 min was a l l o w e d  f o r  t h e  r e m o v a l  o f  2 .0  o r  4 . 0  M- 
g l y c e r o l  by d i l u t i o n  w i t h  1 . 0  M -s u c ro s e  a t  35°C ( T a b le  6 . 6 ) .
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T a b le  6 . 5 .  E f f e c t s  o f  c o n c e n t r a t i o n  o f  s u c r o s e  and 
c o n d i t i o n s  o f  s u c r o s e  d i l u t i o n  ( t e m p e r a t u r e  and d u r a t i o n )  
o f  2 .0  M - g l y c e r o l  on t h e  r a t e  o f  s u r v i v a l  o f  u n f r o z e n  sh e ep  
embryos (Exp.  6 . 7 )
D u r a t i o n  and t e m p e r a t u r e  S u c r o s e  c o n c e n t r a t i o n  (M) T o t a l
o f  g l y c e r o l  r em o v a l 1 .0 1 .5
5 min 35 °C 3/6 3 /6 6 /12
20 min 20°C 3 /6 4 /6 7 /12
T o t a l 6 /12 7 /12 13 /24
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.Table 6 . 6 .  E f f e c t s  o f  d u r a t i o n  o f  s u c r o s e  d i l u t i o n  o f  2 . 0  o r  
4 . 0  M - g l y c e r o l  a t  35°C on t h e  i n  v i t r o  v i a b i l i t y  o f  u n f r o z e n  
sh e ep  embryos (Exp.  6 . 9 ) .
G l y c e r o l  
c o n e . (M)
D u r a t i o n o f  d i l u t i o n  (min) T o t a l
5 10
2 . 0 7 /8 6/8 1 3 /16
4 . 0 5 /8 6 /8 11/16
T o t a l 12/16 12/16 24 /32
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6 . 4 . 6 .  V i a b i l i t y  o f  c a t t l e  embryos a f t e r  r a p i d  f r e e z i n g
I n  E x p e r im e n t  6 .1 0  i n  w h ich  c a t t l e  m o ru la e  w ere  p l a c e d  
i n t o  5 . 0  M - g l y c e r o l  + 0 . 5  M - s u c r o s e  i n  1 s t e p ,  t h e  g r o s s  
m o rp h o lo g y  o f  embryos a p p e a r e d  n o rm al  s h o r t l y  a f t e r  g l y c e r o l  
r e m o v a l ,  b u t  t h e y  d e g e n e r a t e d  a f t e r  24 h i n  c u l t u r e  ( P l a t e  
6 . 2 ) .  T h e r e  was no m o r p h o l o g i c a l  d i f f e r e n c e  b e tw e e n  t h e  
r a p i d l y  f r o z e n  and t h e  u n f r o z e n  embryo soon a f t e r  g l y c e r o l  
r e m o v a l  o r  f o l l o w i n g  c u l t u r e .
I n  E x p e r im e n t  6 . 1 1 .  none  o f  t h e  6 l a t e  m o r u la e  and 10 
b l a s t o c y s t s  f r o z e n  i n  2 .0  o r  4 . 0  M - g l y c e r o l  + 0 .5  M -s u c ro s e  
o r  i n  2 . 0  M -p ro p y le n e  g l y c o l  + 0 . 5  M -s u c ro s e  by d i r e c t  
t r a n s f e r  t o  - 3 5 °C o r  -180°C d e v e lo p e d  i n  c u l t u r e  and  t h e r e  
w ere  no  a p p a r e n t  d i f f e r e n c e s  am ongs t  t r e a t m e n t s .  However, 
m ost  f r o z e n - t h a w e d  b l a s t o c y s t s  and l a t e  b l a s t o c y s t s  a p p e a r e d  
t o  b e  i n t a c t  b e f o r e  g l y c e r o l  rem o v a l  and 5 /1 0  had some 
i n t a c t  c e l l s  a f t e r  3 h i n  c u l t u r e ,  w h i l e  a l l  m o r u la e  were 
c o m p l e t e l y  d e g e n e r a t e  upon  th a w in g .
I n  E x p e r im e n t  6 . 1 2  e l e v e n  c a t t l e  embryos ,  w h ich  d e v e lo p e d  
to  ex p anded  b l a s t o c y s t s  i n  24 h c u l t u r e ,  were  f r o z e n  i n  4 . 0  
M s o l u t i o n s  o f  g l y c e r o l  o r  e t h y l e n e  g l y c o l  + 0 . 5  M - s u c r o s e  
by d i r e c t  t r a n s f e r  t o  -35°C o r  -1 8 0 °C .  A l l  embryos 
d e g e n e r a t e d  d u r i n g  24 h i n  c u l t u r e .
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P l a t e  6 . 2 .  M o r h p o l o g i c a l  a p p e a r a n c e  o f  2 c a t t l e  embryos i n  
PBS + 5% FCS (1 a ,  2 a ) ,  a f t e r  10 min e x p o s u r e  to  5 . 0  M-
g l y c e r o l  + 0 . 5  M - s u c r o s e  (1b ,  2 b ) ,  a f t e r  g l y c e r o l  r em o v a l
w i t h o u t  f r e e z i n g  (1c)  o r  f o l l o w i n g  r a p i d  f r e e z i n g  and 
th a w in g  (2c)  and a f t e r  24 h c u l t u r e  i n  v i t r o  (1d ,  2 d ) .
*f
1d 2d
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6 . 4 . 7 .  V i a b i l i t y  o f  sh eep  embryos a f t e r  r a p i d  f r e e z i n g
I n  E x p e r im e n t  6 .1 3  a l l  sh eep  embryos (4 m o r u la e  and 3 
b l a s t o c y c t s )  f r o z e n  r a p i d l y  t o  -180°C i n  2 .0  o r  4 . 0  M- 
g l y c e r o l  + 0 .2 5  o r  0 .5  M -s u c ro s e  were  d e g e n e r a t e  a f t e r  
w a sh in g  i n  PBS + 57« FCS and d id  n o t  d e v e lo p  i n  c u l t u r e .
I n  E x p e r im e n t  6 . 1 4  two l a t e  m o ru la e  and 3 e a r l y  
b l a s t o c y s t s  w ere  exposed  to  2 .0  M - g l y c e r o l  + s u c r o s e  w i t h o u t  
f r e e z i n g ;  1 / 2 ,  0 / 2 ,  0/1 u n f r o z e n  embryos d e v e lo p e d  a f t e r
e x p o s u r e  t o  2 .0  M - g l y c e r o l  + 0 . 2 5 ,  0 .5  o r  1 .0  M -su c ro se  
r e s p e c t i v e l y .  S ix  embryos (3 l a t e  m o r u la e ,  2 e a r l y  
b l a s t o c y s t s  and 1 b l a s t o c y s t )  were  f r o z e n  i n  2 .0  M - g l y c e r o l  
+ s u c r o s e  by d i r e c t  t r a n s f e r  t o  -30°C  f o r  30 min;  none  o f  
them d e v e lo p e d  i n  s u b s e q u e n t  c u l t u r e .
I n  E x p e r im e n t  6 .1 5  t h e  v i a b i l i t y  o f  sheep  embryos a f t e r  
d i r e c t  f r e e z i n g  to  -30°C i n  2 .0  M - e t h y le n e  g l y c o l  + 0 .5  M- 
s u c r o s e  was i n v e s t i g a t e d .  S ix  o u t  o f  7 u n f r o z e n  em bryos ,  0 /3  
embryos f r o z e n  t o  - 3 0 °C and 0 /5  embryos t r a n s f e r r e d  i n t o  
l i q u i d  n i t r o g e n  from -30°C b e f o r e  th aw in g  d e v e lo p e d  i n
c u l t u r e .
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6 . 5 .  D i s c u s s i o n
T e c h n iq u e s  d e v e lo p e d  f o r  r a p i d  f r e e z i n g  p r o v i d e d  v e r y  h i g h  
i n  v i t r o  s u r v i v a l  o f  f r o z e n - t h a w e d  mouse embryos whose
v i a b i l i t y  was a l s o  d e m o n s t r a t e d  i n  v i v o .  A l th o u g h  mouse
embryos p r o v i d e  a v e r y  u s e f u l  model f o r  c r y o b i o l o g i c a l
e x p e r i m e n t s ,  t h e  economic  im p o r t a n c e  o f  embryo f r e e z i n g  i n  
t h e  mouse s p e c i e s  i s  n e g l i g a b l e  compared to  t h a t  i n  farm 
a n i m a l s .  When t h e  m os t  e f f i c i e n t  p r o c e d u r e s  f o r  r a p i d
f r e e z i n g  o f  mouse embryos were  a p p l i e d  to  c a t t l e  embryos ,  
n one  o f  t h e  embryos s u r v i v e d  and from E x p e r im e n t  6 .1 0  t h e r e  
was some s u g g e s t i o n  t h a t  o s m o t ic  damage d u r i n g  
c r y o p r o t e c t a n t  a d d i t i o n  a n d / o r  rem o v a l  may have  c a u se d  
em bryon ic  d e a t h .
F u r t h e r  work t h e r e f o r e  c o n c e n t r a t e d  on t h e  o sm o t ic  
c h a r a c t e r i s t i c s  o f  c a t t l e  and sh e ep  em bryos .  E x p e r im e n t s  on 
sh eep  embryos w ere  e x t e n d e d  t o  t h e  e x a m i n a t i o n  o f  f a c t o r s  
a f f e c t i n g  t h e  s u r v i v a l  o f  u n f r o z e n  embryos a f t e r  i n - s t r a w  
s u c r o s e  d i l u t i o n .  The o s m o t ic  r e s p o n s e  o f  sheep  embryos 
y i e l d e d  a l i n e a r  r e g r e s s i o n  l i n e  which was s i m i l a r  to  t h a t  
o b t a i n e d  w i t h  mouse embryos i n  C h a p te r  5 ,  e x c e p t  t h a t  t h e r e  
was no s i g n i f i c a n t  d e v i a t i o n  a t  1 .0  M - s u c r o s e  c o n c e n t r a t i o n .  
T h i s  r e s u l t  shows t h a t  i n  c o n t r a s t  t o  Day-3 mouse embryos 
Day-6 sh e ep  m o r u la e  m a i n t a i n  o s m o t i c  e q u i l i b r i u m  w i t h  1 .0  11- 
s u c r o s e .  S t u d i e s  on t h e  t o x i c i t y  o f  s u c r o s e  to  embryos 
i n d i c a t e d  t h a t  s h e e p  embryos a r e  l e s s  s e n s i t i v e  t o  such 
e f f e c t s  t h a n  mouse em b ry o s .  T h is  s p e c i e s  d i f f e r e n c e  may be
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e x p l a i n e d  by t h e  a b i l i t y  o f  sheep  embryos to  m a i n t a i n  
o s m o t ic  e q u i l i b r i u m  w i t h  h i g h e r  s u c r o s e  c o n c e n t r a t i o n s  t h a n  
mouse em bryos .  I t  was c o n c lu d e d  t h a t  m o ru la  to  b l a s t o c y s t  
s t a g e  sh e ep  embryos c an  be  ex posed  to  1 .0  M -s u c ro s e  f o r  a t  
l e a s t  20 min a t  20°C and f o r  a t  l e a s t  10 min a t  35°C w i t h o u t  
any h a r m f u l  e f f e c t s .
The aim o f  e x p e r i m e n t s  on t h e  o s m o t i c  r e s p o n s e  o f  embryos 
t o  p e r m e a t i n g  s o l u t e s  was t o  f i n d  c r y o p r o t e c t a n t s  which 
p e r m e a t e  t h e  c e l l  more r a p i d l y  and t h e r e f o r e  c an  be  removed 
more e a s i l y  a f t e r  th a w in g  t h a n  g l y c e r o l .  The e q u a t i o n  o f  
l i n e a r  r e g r e s s i o n  which  was o b t a i n e d  i n  E x p e r im e n t  6 . 1 .  
p r o v i d e s  a n  e s t i m a t e  o f  t h e  e q u i l i b r i u m  volume o f  sh e ep  
m o r u la e  i n  s o l u t i o n s  o f  n o n - p e r m e a t i n g  s o l u t e s .  W i th o u t  
p e r m e a t i o n  t h e  e s t i m a t e d  e q u i l i b r i u m  volume o f  sh e e p  m o ru la e  
i n  2 .0  M - g l y c e r o l ,  2 . 0  M - p r o p y le n e  g l y c o l  o r  2 . 0  M - e t h y le n e  
g l y c e r o l  would be  26.57o, 267» and 27.47o o f  t h e  i s o s m o t i c
volume r e s p e c t i v e l y .  The r e - e x p a n s  io n  o f  embryos a f t e r  t h e  
i n i t i a l  s h r i n k a g e  i s  t h e  r e s u l t  o f  c r y o p r o t e c t a n t  
p e r m e a t i o n .  The e s t a b l i s h m e n t  o f  e q u i l i b r i u m  i n  
c r y o p r o t e c t a n t  c o n c e n t r a t i o n  b e tw ee n  t h e  e x t r a -  and 
i n t r a c e l l u l a r  s p a c e  s t a r t s  s i m u l t a n e o u s l y  w i t h  t h e
e s t a b l i s h m e n t  o f  o s m o t i c  e q u i l i b r i u m .  The p e rm e a te d  
c r y o p r o t e c t a n t  c o n t r i b u t e s  to  t h e  i n c r e a s e  i n  t h e  
i n t r a c e l l u l a r  o s m o l a l i t y .  T h e r e f o r e  t h e  embryos do n o t  
s h r i n k  t o  t h e  same e x t e n t  a s  i n  r e s p o n s e  to  t h e  e q u a l  
o s m o t i c  p r e s s u r e  c r e a t e d  by n o n - p e r m e a t i n g  s o l u t e s ;  t h e  more 
p e rm e a b le  t h e  embryos a r e  t o  a g i v e n  c r y o p r o t e c t a n t  t h e  l e s s
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i n i t i a l  s h r i n k a g e  o c c u r s .  The r e s u l t s  o f  e x p e r i m e n t s  6 . 2 .  
and 6 .3  i n d i c a t e  t h a t  c a t t l e  l a t e  m o r u la e  and e a r l y  
b l a s t o c y s t s  a r e  more p e rm e a b le  to  e t h y l e n e  g l y c o l  t h a n  t o  
g l y c e r o l .  T here  was l i t t l e  d i f f e r e n c e  b e tw e e n  t h e  r e s p o n s e  
o f  l a t e  m o r u la e  and e a r l y  b l a s t o c y s t s .  E x p e r im e n t  6 . 4  and 
6 .5  showed t h a t  sh e ep  embryos a r e  a l s o  more p e rm e a b le  to  
e t h y l e n e  g l y c o l  t h a n  t o  g l y c e r o l .  The r e s p o n s e  o f  sheep  
m o r u la e  to  p r o p y l e n e  g l y c o l  was i n t e r m e d i a t e  b e tw een  t h e i r  
r e s p o n s e  to  g l y c e r o l  and t o  e t h y l e n e  g l y c o l .  The i n i t i a l  
r e s p o n s e  o f  sh e e p  e a r l y  b l a s t o c y s t s  to  p r o p y l e n e  g l y c o l  and 
e t h y l e n e  g l y c o l  was a l m o s t  i d e n t i c a l ,  b u t  e q u i l i b r i u m  i n  t h e  
c r y o p r o t e c t a n t  c o n c e n t r a t i o n  was a t t a i n e d  e a r l i e r  (10 min) 
and a t  a lo w e r  volume ( a b o u t  907o o f  t h e  i s o s m o t i c )  i n  
p r o p y l e n e  g l y c o l  t h a n  i n  e t h y l e n e  g l y c o l .
No d i f f e r e n c e s  i n  t h e  p r e g n a n c y  r a t e s  from c a t t l e  embryos 
f r o z e n  a t  c o n t r o l l e d  r a t e s  i n  g l y c e r o l  o r  e t h y l e n e  g l y c o l  
w e re  r e p o r t e d  by E l s d e n  a t  a l .  ( 1 9 8 2 ) .  The p r e s e n t  r e s u l t  
s u g g e s t  t h a t  t h e  u s e  o f  e t h y l e n e - g l y c o l  f o r  f r e e z i n g  c a t t l e  
embryos may be  p r e f e r a b l e  t o  g l y c e r o l  b e c a u s e  t h e  embryos 
a r e  l e s s  l i k e l y  t o  s u f f e r  o s m o t i c  damage d u r i n g  
c r y o p r o t e c t a n t  r e m o v a l .
W ith  sheep  embryos f r o z e n  a t  a c o n t r o l l e d  r a t e  s l i g h t l y  
h i g h e r  d ev e lo p m e n t  t o  lambs was o b t a i n e d  u s i n g  e t h y l e n e  
g l y c o l  compared to  g l y c e r o l  ( T e r v i t  & G oo ld ,  1 9 8 4 ) .  T h is  
r e s u l t  c o u ld  b e  e x p l a i n e d  by t h e  d i f f e r e n c e  i n  t h e
p e r m e a b i l i t y  o f  embryos to  t h e  two c r y o p r o t e c t a n t s .
I t  was n o t  known w h e t h e r  e t h y l e n e  g l y c o l  can  be  u s e d  f o r
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r a p i d  f r e e z i n g  o f  c a t t l e  and sh e ep  embryos w i t h  an 
e f f e c t i v e n e s s  co m p a rab le  to  t h a t  r e p o r t e d  f o r  g l y c e r o l  by 
B ui -Xuan-N guyen ,  Heyman, Renard  ( 1 9 8 4 ) .  T h e r e f o r e  
e x p e r i m e n t s  on t h e  t e c h n i q u e  o f  g l y c e r o l  r em o v a l  from sheep  
embryos by i n - s t r a w  s u c r o s e  d i l u t i o n  were  c a r r i e d  o u t .  I t  
was c o n c lu d e d  t h a t  4 . 0  M - g l y c e r o l  c an  b e  d i l u t e d  o u t  from 
s h e e p  embryos w i t h i n  5 t o  10 min a t  35°C. I t  was assumed 
t h a t  t h e  same c o n d i t i o n s  a r e  f a v o u r a b l e  a l s o  f o r  g l y c e r o l  
r e m o v a l  from c a t t l e  embryos and f u r t h e r  e x p e r i m e n t s  on r a p i d  
f r e e z i n g  o f  embryos o f  b o t h  s p e c i e s  w ere  c a r r i e d  o u t  u s i n g  
t h i s  p r o c e d u r e .
R e n a rd ,  Bui-Xuan-Nguyen & G a m i e r  (1984)  r e p o r t e d  t h a t  
o n l y  87o ( 4 /4 8 )  o f  2 - c e l l  r a b b i t  embryos s u r v i v e d  r a p i d  
f r e e z i n g  when c o o le d  from room t e m p e r a t u r e  d i r e c t l y  t o  
196°C w h i l e  837> ( 2 9 /3 5 )  d e v e lo p e d  to  t h e  b l a s t o c y s t  s t a g e  
a f t e r  th aw in g  i f  t h e y  had b e e n  h e l d  a t  -30°C f o r  30 min 
b e f o r e  t r a n s f e r  i n t o  l i q u i d  n i t r o g e n .  T h e r e f o r e  s i m i l a r  
f r e e z i n g  p r o c e d u r e s  w ere  a l s o  u se d  i n  s u b s e q u e n t  e x p e r i m e n t s  
i n  c o m b i n a t i o n  w i t h  d i f f e r e n t  c r y o p r o t e c t a n t s  a t  two 
c o n c e n t r a t i o n  l e v e l s .  A l th o u g h  t h e  r e s u l t s  o f  E x p e r im e n t  
6.1 1 showed t h a t  l a t e r  s t a g e s  ( b l a s t o c y s t s  and  l a t e  
b l a s t o c y s t s )  a p p e a r e d  to  b e  l e s s  damaged t h a n  m o r u la e ,  a l l  
o f  t h e  r a p i d l y  f r o z e n  c a t t l e  and sh e ep  embryos d e g e n e r a t e d  
i n  c u l t u r e .  T h is  r e s u l t  i s  i n  c o n t r a s t  w i t h  p r e v i o u s  r e p o r t s  
on t h e  s u c c e s s f u l  r a p i d  f r e e z i n g  o f  c a t t l e  embryos (B u i -  
Xuan-Nguyen, Heyman, R e n a rd ,  1984; V i n c e n t  e t  a l . ,  1985; 
C hup in ,  1986) w i t h o u t  a p p a r e n t  e x p l a n a t i o n .  The r e s u l t s
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s u g g e s t  t h a t  t h e  c o n d i t i o n s  r e q u i r e d  f o r  s u c c e s s f u l  r a p i d  
f r e e z i n g  o f  c a t t l e  and sh e ep  embryos a r e  d i f f e r e n t  from 
t h o s e  f o r  mouse em bryos .
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CHAPTER 7: GENERAL DISCUSSION
The p r o c e d u r e s  o f  i n - s t r a w  c r y o p r o t e c t a n t  rem o v a l  and r a p i d  
f r e e z i n g  i n  m i x t u r e s  o f  p e r m e a t i n g  and  n o n - p r e m e a t i n g  
c r y o p r o t e c t a n t s  r e p r e s e n t  m a j o r  s t e p s  i n  t h e  s i m p l i f i c a t i o n  
o f  t e c h n i q u e s  f o r  embryo f r e e z i n g .  These  p r o c e d u r e s
c a n  f a c i l i t a t e  t h e  t r a n s f e r  o f  f r o z e n - t h a w e d  embryos and 
p r o v i d e  f u r t h e r  i n s i g h t  i n t o  t h e  b a s i c  f a c t o r s  c o n t r o l l i n g  
t h e  v i a b i l i t y  o f  c r y o p r e s e r v e d  c e l l s
S e v e r a l  a u t h o r s  s t u d i e d  t h e  e f f e c t  o f  t e m p e r a t u r e  d u r i n g  
d i l u t i o n  o f  c r y o p r o t e c t a n t s  w i t h  p h y s i o l o g i c a l  medium and 
found  t h a t  t h e  v i a b i l i t y  o f  embryos improved a s  t h e  
t e m p e r a t u r e  i n c r e a s e d  from 0 to  37°C ( W h i t t i n g h a m , 1974;
S c h n e i d e r  & M a u re r ,  1 9 8 3 ) .  These  f i n d i n g s  were e x p l a i n e d  by 
t h e  t e m p e r a t u r e  d e p en d a n ce  o f  t h e  c r y o p r o t e c t a n t  
p e r m e a b i l i t y  c o e f f i c i e n t .  T h e re  h ad  b e en  no  i n f o r m a t i o n  on 
t h e  e f f e c t  o f  t e m p e r a t u r e  d u r i n g  s u c r o s e  d i l u t i o n  b e f o r e  t h e  
commencement o f  t h e  p r e s e n t  work .  T h e r e f o r e  t h e  t o x i c  
e f f e c t s  o f  s u c r o s e ,  w h ich  r e d u c e  t h e  v i a b i l i t y  o f  embryos 
d u r i n g  s u c r o s e  d i l u t i o n  o f  g l y c e r o l ,  were  s t u d i e d  a t  
d i f f e r e n t  t e m p e r a t u r e s .  I t  was d e m o n s t r a t e d  t h a t  t h e
s e n s i t i v i t y  o f  mouse embryos to  t h e  t o x i c  e f f e c t s  o f  s u c r o s e  
i n c r e a s e s  w i t h  h i g h e r  t e m p e r a t u r e s .  T h is  f i n d i n g  e x p l a i n e d  
t h e  lo w e r  s u r v i v a l  o f  f r o z e n - th a w e d  embryos a f t e r  s u c r o s e  
d i l u t i o n  o f  g l y c e r o l  a t  36°C compared t o  20°C i n  s u b s e q u e n t  
e x p e r i m e n t s .  Sheep embryos were  l e s s  s e n s i t i v e  to  t h e  t o x i c  
e f f e c t s  o f  s u c r o s e  a t  a s i m i l a r  t e m p e r a t u r e s  t h a n  mouse
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embryos and their survival was better when sucrose dilution 
of glycerol was carried out at 35°C compared to 20°C.
In addition to their relevance to sucrose dilution, 
experiments on the exposure of embryos to sucrose also 
provided a simple model for the study of the effects of high 
solute concentrations which occur during freezing and 
thawing. Highly concentrated solutions of a non-electrolyte 
(sucrose) reduced the developmental potential of mouse 
embryos. This suggested that cellular injury during 
freezing may not be due to the specific effects of salts 
(solution effects), but to high solute concentration itself. 
The lack of proportional shrinkage of mouse embryos in 1.0 
M-sucrose indicated the development of an osmotic gradient 
between the intra- and extracellular spaces. Stress to the 
cell memebrane caused by this pressure difference may 
explain the toxic effects of sucrose. When sheep embryos 
were exposed to the same sucrose concentrations, there was 
no evidence for the development of an osmotic gradient and 
accordingly they were much more resistant to the toxic 
effects of sucrose than mouse embryos.
Although the cryoprotective effect of glycerol has been 
known for almost 40 years (Polge, Smith 5c Parkes, 1949), its 
mechanism of action is still not fully understood. The 
demonstration that high concentrations of a non-electrolyte 
create an osmotic gradient and damage the embryos supports 
the theory of Meryman (1970) who explained the mechanism of 
cryoprotection by the reduction of shrinkage. Experiments
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5.1  and 5 . 2  c o n f i r m e d  t h a t  i n  t h e  p r e s e n c e  o f  g l y c e r o l  l e s s  
s h r i n k a g e  o c c u r r e d  i n  h i g h l y  c o n c e n t r a t e d  s o l u t i o n s  o f  n o n ­
p e r m e a t i n g  s o l u t e s .  D ur ing  f r e e z i n g  g l y c e r o l  r e d u c e s  o s m o t ic  
p r e s s u r e  d i f f e r e n c e s  by d e c r e a s i n g  t h e  e x t r a c e l l u l a r  s a l t  
c o n c e n t r a t i o n  and i n c r e a s i n g  t h e  i n t r a c e l l u l a r  o s m o l a l i t y .  
To i n c r e a s e  t h e  i n t r a c e l l u l a r  o s m o l a l i t y  g l y c e r o l  must 
p e r m e a t e  t h e  c e l l s .  A c o r o l l a r y  t o  t h i s  e x p l a n a t i o n  i s  t h a t  
c o n d i t i o n s  which  a f f e c t  g l y c e r o l  p e r m e a t i o n  s h o u l d  a l s o  
a f f e c t  p o s t - t h a w  s u r v i v a l .  The d e p en d a n ce  o f  p o s t - t h a w  
s u r v i v a l  on g l y c e r o l  p e r m e a t i o n  was d e m o n s t r a t e d  i n  C h a p te r s  
4 and 5.  I t  was a l s o  found  t h a t  t h e  o p t i m a l  c o n c e n t r a t i o n  o f  
i n t r a c e l l u l a r  g l y c e r o l  i s  l o w e r  t h a n  i t s  o p t i m a l  
e x t r a c e l l u l a r  c o n c e n t r a t i o n .  E x p e r im e n t s  on t h e  t im e  o f  
m ix in g  t h e  f r e e z i n g  medium and t h e  s u c r o s e  d i l u e n t  c o n f i r m  
t h e  r e l a t i v e  i m p o r t a n c e  o f  e x t r a c e l l u l a r  g l y c e r o l .
S t u d i e s  on t h e  o s m o t i c  c o n s e q u e n c e s  o f  c r y o p r o t e c t a n t  
p e r m e a t i o n  showed t h a t  c a t t l e  and sheep  embryos a r e  more 
p e rm e a b le  to  e t h y l e n e  g l y c o l  t h a n  to  g l y c e r o l .  T h i s  f i n d i n g  
and t h e  f a v o u r a b l e  r e s u l t s  r e p o r t e d  i n  t h e  l i t e r a t u r e  on t h e  
u s e  o f  e t h y l e n e  g l y c o l  f o r  c o n t r o l l e d  r a t e  f r e e z i n g  (E ls d e n  
e t  a l . ,  1982;  T e r v i t  & G oo ld ,  1984) s u g g e s t  t h a t  e t h y l e n e  
g l y c o l  may b e  p r e f e r a b l e  t o  g l y c e r o l  f o r  th e  
c r y o p r e s e r v a t i o n  o f  c a t t l e  and sheep  em bryos .
A t t e m p ts  to  f r e e z e  c a t t l e  and sh eep  embryos r a p i d l y  i n  
m i x t u r e s  o f  p e r m e a t i n g  and n o n - p e r m e a t i n g  s o l u t e s  h ave  b e e n  
u n s u c c e s s f u l .  O sm ot ic  im b a la n c e  b e tw ee n  t h e  e x t r a -  and 
i n t r a c e l l u l a r  s p a c e  i s  a l i k e l y  c a u s e  o f  t h e  d e a t h  o f
173
embryos and more d e t a i l e d  i n v e s t i g a t i o n s  may l e a d  to  a 
s u c c e s s f u l  and r e l i a b l e  p r o c e d u r e .
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